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Microbial aggregation was investigated in this study using the activated sludge 
process as a model system, the performance of which is highly dependent on effective 
bioaggregation. This research includes two experiments. First, four laboratory-scale 
activated sludge sequencing batch reactors (SBRs) were constructed in order to evaluate 
the effect of solids retention time (SRT) on microbial aggregation. These SBRs were 
operated at SRT of 4, 8, 16, and 32 days, respectively, fed with a protein-based synthetic 
wastewater, and monitored over a period of 268 days for performance and sludge settling 
characteristics including soluble COD in the effluent (sCOD), sludge volume index (SVI), 
mixed liquor suspended solids (MLSS), effluent total suspended solids (eTSS). 
Additionally, microbial community structure was determined using polymerase chain 
reaction (PCR) (or nested PCR) and denaturing gradient gel electrophoresis (DGGE). All 
four reactors reached steady state after five times the SRTs. In agreement with previous 
research, a positive correlation was demonstrated between SRT and sludge settling 
capability at steady state, indicating an impact of SRT on bioaggregation. While this is 
previously thought due to the involvement of protozoa and extracellular polymeric 
substances (EPS) in aggregation, this study provides an alternative explanation, i.e., 
selection of a microbial community that has better aggregation capability. This is 
supported by two lines of evidence: 1) significantly different microbial community 
structures between the reactors at steady state; and 2) less diverse bacterial community 
with an increase in SRT, which might be resulted from disaggregation of growth-rate 
dependent aggregating bacteria in response to the increase in SRT and subsequent 
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selection due to predation and/or mechanical washout. These results provide important 
insights into the complex relationship between SRT, microbial diversity, and settling 
characteristics of activated sludge. 
Second, three full-scale WWTPs were surveyed for microbial communities in the 
aeration tank, clarifier effluent and return activated sludge (RAS) using PCR-DGGE for 
comparing the community structure of these different components of activated sludge. It 
was found that the planktonic and floc communities of one origin share significant 
similarity, mostly more than 50% for the general and specific bacterial groups and 
eukarya examined. This result is in agreement with other research findings in our lab 
derived from cultivation and isolation approach, and provides complementary evidence. 
It is shown that a significant fraction of bacteria in activated sludge are present in both 
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Microbial aggregation, or bioaggregation, or bioflocculation, plays the key role in 
biological wastewater treatment processes such as the activated sludge (AS) process for 
the performance of sludge-water separation. Mechanisms of bioflocculation, however, are 
not fully understood, and problems such as bulking and foaming occur unpredictably in 
activated sludge due to the failure of proper aggregation. 
Bioaggregation was explained from several aspects. These include floc-forming 
bacteria glued together by biopolymers, which is termed as EPS (extrocellular polymeric 
substances), filamentous bacteria serving as the backbone for floc formation; higher form 
organisms such as protozoa and metazoa preying on planktonic bacteria to reduce the 
non-aggregated cells and stimulate aggregation, and multi-valent cations bridging and 
destabilizing cells. Previous work on bioflocculation mechanisms in activated sludge was 
mostly focusing on one single constituent, for example, filaments, floc-formers, or EPS. 
However, how the entire community composed of different organisms impacts on the 
sludge properties has not been thoroughly investigated. 
A variety of factors complicate the bioflocculation. These factors may include 
influent wastewater composition, temperature, pH, DO, ionic strength and solids 
retention time (SRT) to constitute the certain operational conditions. The conditions 
regulate the microbial community and bioaggregation, thus the microstructure and 
macrostructure of floc, and the floc properties. Floc properties (size, morphology, water 
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content, hydrophobicity, surface charge etc.) and the whole sludge properties 
(flocculation and settling ability, compressibility, dewatering ability etc.) are impacted by 
the network of physical, chemical and biological variables in the activated sludge system. 
Among all the factors and properties, SRT and settling ability were focused on in this 
study. SRT, as the important design and operational parameter, was investigated for its 
impact on microbial community and further flocculation and settling ability. 
Attempting to gain a better understanding of bioflocculation, this study treated the 
entire microbial community in an activated sludge sample as a genomic group using 
molecular approaches, to correlate with the flocculation and settling properties. DNA-
based PCR coupled with DGGE was used in this study. The planktonic bacteria, long 
ignored as contributing little to bioflocculation, and eukaryotic members, seldom studied 
using molecular methods, in activated sludge communities have also been evaluated for a 
better understanding of their role in bioflocculation.  
Two hypotheses were tested in this study. The first hypothesis was tested using 
laboratory-scale reactors, in a better controlled manner than sampling from full scale 
system, as follows: The impact of SRT on flocculation and settling abilities is revealed in 
microbial community structure. In other words, changes in aggregation capability are a 
response to changes in the microbial communities which coincide with changes in 
operating conditions. Therefore, the missing link, the microbial community, between the 
cause and effects, i.e., the operational conditions and the settling performance, was 
incorporated into this study.  
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The second hypothesis for this study was as follows: The planktonic and floc 
regions of the activated sludge shared significant similarity in their microbial community 
structures. This hypothesis was derived from the previous findings using the culture-
dependent approach, where the majority bacteria having varying aggregation abilities to 
be able to exist in planktonic and floc communities. The hypothesis was tested through 
culture-independent approach, using samples from both full-scale wastewater treatment 
plants (WWTPs) and lab-scale SBRs. The novelty of this study lies in the separate 
sampling of mixed liquor solids, thickened sludge and supernatant from activated sludge 
systems.  
It is expected that this study will help engineers to gain a better understanding of 
the microbial aggregation and the microbial community in relation to the flocculation and 





2.1 Significance of Microbial Aggregation in Activated Sludge 
Process  
2.1.1 Microbial Aggregation 
Most single-cell bacteria tend to stick to one another rather than existing as a 
single cell (11), and they also attach to surfaces for their existence (12). Such phenomena 
are commonly found in aqueous and soil environment. Such aggregation is used by 
microorganisms as a defense to harsh conditions including water shear force, predation, 
and food limitation, and it also displays higher degree of resistance to biocide compounds 
and sometime higher metabolic activity (7).  
By aggregating together, microbes form a favorable niche being closely 
associated with one another and providing communication, structure, protection and 
stability as a whole. When a surface attachment is associated, the bio-aggregation is 
termed “biofilm.” This is thought to be the “default” mode for microorganism existence 
and its formation is through the steps of attachment, colonization and development (55). 
Without surface, cells agglomerate together to form “flocs” or even denser and larger 
“granular” (59). Unlike biofilm, mechanisms of floc formation is not clearly understood 
yet (33, 101). Opposite to drinking water where microbes are undesired, microbial 
aggregation, either in form of biofilm or flocs, is essential for wastewater treatment 
processes such as the trickling filter and the activated sludge process.  
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The activated sludge was used as the study model for microbial aggregation in 
this study. Since bioflocculation is often used for floc formation in activated sludge 
process, hereafter, bioflocculation and microbial aggregation or bioaggregation were used 
as synonyms for they all describe the nature of cells agglomerated together in activated 
sludge forming the microstructure and macrostructure of flocs.   
2.1.2 Activated Sludge 
The activated sludge (AS) is the most widely adopted biological process for 
wastewater treatment worldwide. The process was originated in England in 1914 by E. 
Ardern and W. T. Lockett (4, 33, 76). AS process is a form of artificially enhanced 
biodegradation of the natural water bodies, removing and stabilizing soluble and particle 
contaminants from wastewater through metabolism of microorganisms (90). Ideally, the 
biomass agglomerate to form compact flocs; flocs are further separated from the water 
most often and economically by gravity settling thus the clear supernatant is obtained 
(33).  
Due to its long history and varied uses, the process since has been developed to 
different configurations, such as conventional activated sludge (CAS), step-feed activated 
sludge (SFAS), selector activated sludge (SAS) and sequencing batch reactor activated 
sludge (SBRAS) (33). In spite of all these different options, a typical activated sludge 
process, shown in Figure 2-1, includes four essential parts.  First, an aerated sludge basin 
where the microorganisms grow with waste and breathe oxygen supplied. Second, a 
following solid-liquid separation unit, conventionally a clarifier or contemporarily a 
membrane is coupled to separate the aggregated biomass from water to obtain clear 
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supernatant as effluent. The third and fourth parts are the recycled thickened sludge 
termed return activated sludge (RAS) to reuse the active microorganisms and waste the 
excess activated sludge termed waste activated sludge (WAS) to control the sludge 
retention time (SRT), an important parameter in design and operation of an activated 
sludge system. WAS, which often accounts for a large fraction of the operational cost of 
an AS WWTP, needs to be properly disposed by dewatering, drying, disinfection for 
ultimate discharge (70).  
 
 
                        
 
Figure 2-1 Typical activated sludge process  
(Adapted from <http://www.fao.org/DOCREP/003/V9922E/V9922E05.htm>) 
 
The activated sludge is a suspended growth and aerobic process. In the aeration 














are consumed by heterotrophic and autotrophic organisms to form flocculent biomass and 
respiration products such as CO2 and water. Later in the clarifier, the two functions for 
solid-water separation are clarification and thickening. Nowadays membrane coupled AS 
systems begin in practice due to the advantages such as high effluent quality, less 
footprint, low rate sludge production etc. Yet membrane fouling is the inherent problem 
limiting its wide practical applications because of high capital and operation cost (13). 
The entire system performance depends on both aeration and solid-liquid separation units, 
and the latter is always a limiting factor for the treatment performance (104). On the other 
hand, most malfunctions in the clarifier are originated from the aeration tank conditions 
(89). Therefore, the aeration tank and the clarifier/membrane should always be 
considered as an integrated system.  
The aeration tank has long been treated as a “blackbox” (1). The complex 
microbial consortium and insoluble pollutants within it have been simplified and assumed 
as a lump concept - mixed liquid suspended solid (MLSS) for design and operation. 
MLSS expresses similar growth behavior as pure culture, and the design of biological 
process is formulated accordingly. The biological conversions for carbonaceous 
contaminants removal in wastewater are fairly successful in applications since the AS 
process began. In contrast, bioflocculation is a major concern for the malfunctions of the 
solid-liquid separation even failure of the entire system. It was estimated that over 20% 
of the time in many full-scale municipal wastewater plants such problems occur with 
effluent TSS exceeding discharge requirements (52). A survey on bulking in WWTPs 
showed that at least 25% of the plants were concerned with settling problems (92). Solid-
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liquid separation problems such as bulking, foaming, pin floc, are shown in Table 2-1 
with the causes and effects of these problems (39). The causes are all associated with 
microbial aggregation. In addition, these problems always happen in an unpredictable 
manner or under normal operating conditions, suggesting that the mechanisms for 
bioflocculation in the activated sludge are still not fully understood (17). Bioflocculation 
further impacts on sludge properties such as settling and dewatering ability (84), which 
are closely associated with sludge production, handling and disposal. Sludge disposal is 
always challenging for an activated sludge sewage facility and accounts for half or even 
higher of the total cost of wastewater treatment (70). Accordingly, improving sludge 
abilities of flocculation, settling and dewatering, producing less wastage sludge, as well 




Table 2-1 Activated sludge solids separation problems  
Problem Cause of problem Effect of problem 
Dispersed growth Dispersed microorganisms, 
forming only small clumps or 
single cells 
Turbid effluent; no zone 
settling of activated sludge 
Filamentous 
bulking 
Large amount of filamentous 
microorganisms present 
High SVI with very clear 
supernatant; low RAS and 





Overproduction of exocellular 
material 
Reduced settling and 
compaction rates, poor 
sludge dewatering 
Pin floc Small, compact, weak, roughly 
spherical flocs are formed 
Low SVI and turbid, high SS 
effluent 
Blanket rising Denitrification in clarifier 
release N2 gas 




Caused by (i) undegraded 
surfactants and (ii) specific 
species, such as M. parvicella, or 
type 1863 
Foam/scum can float large 
amounts of SS to surface, 
overflow tank freeboards; 
high effluent SS 
Source: (39) 
 
2.2 Current Understanding of Microbial Aggregation 
2.2.1 Biological Components in Flocs 
Sludge flocs are usually considered as two size scales of structure, the micro- and 
macro-structure (99). The former refers to the microbial community in the sludge, and 
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microbial aggregation, adhesion, and flocculation between single organisms are the basis 
of the microstructure. While the latter refers to the overall physical existence, 
characterized by structural morphology and physical properties including settling ability 
(99). The sludge floc is a highly hydrated complex consisting of heterogeneous 
constitutes, among which water, extrocellular polymeric substances (EPS), and biomass 
are the three major components in terms of mass (41, 47). Macro-structure, such as the 
floc size, shape, surface charge, hydrophobicity, bound water content, has been 
extensively studied in connection with flocculation, sludge settling ability (48, 99, 100), 
and sludge dewatering ability (41). In contrast, micro-structures seemed to be less 
investigated.  
When opening the blackbox for the micro-structure, activated sludge floc is 
heterogeneous association, mainly composed of microorganisms and inorganic and 
organic particles embedded in biopolymers, i.e., extrocellular polymeric substance (EPS). 
As the name implicates, a variety of microbes are the essential active components and 
pivotal players in the activated sludge, consuming and stabilizing the degradable organic 
compounds. Under microscope, a drop of activated sludge is an amazing habitat teaming 
with diverse life forms, as depicted in Figure 2-2. Alive cells and dead cells coexist, and a 
whole variety microorganisms form an ecosystem in the floc with the interactions among 
them and also with the environmental conditions. As stated in the first law of ecology, 





Figure 2-2 Microorganism interactions in activated sludge floc 
(Source: < http://www.engitech.com/asm.htm>) 
 
Prokaryotes (Bacteria and Archaea) and eukaryotes (protozoa and metazoan, such 
as ciliates, crustacean, nematodes, and rotifers) generally are present as the major 
constitutes, and bacteriophage (bacterial viruses) may reside in the sludge, too. Other 
eukaryotes like fungi and algae are seldom found to be the important members of the 
community (39).  
Within the food web in activated sludge, bacteria are the primary consumers and 
major components. A variety of bacteria reside in activated sludge. In this study, six 
subgroup bacteria, which are commonly exist in activated sludge, soil and aqueous 
environment, were investigated (6). Actinomycetes are the group of filamentous bacteria, 
functionally important in relation with flocculation and organic degradation. Ammonium 
oxidizing bacteria (AOB) are the ecologically important group especially for nitrogen 
cycle. Acidobacteria are the newly devised group and thought to be acidophilic, and very 
diverse and versatile in metabolic activities especially in soils. Methanotrophs are 
bacteria using methane as the carbon source and belong to proteobacteria. Under aerobic 
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condition, methane is used to form formaldehyde. Differences in the pathway of 
formaldehyde fixation and membrane structure divide the methanotrophs into two 
groups, called type I and type II. They appear to be closely related with AOBs. Alpha-
proteobacteria is one of subgroups (class) of the phylum Proteobacteria. This class is 
composed of some phototrophic genera, single carbon metabolizing genera, symbionts of 
plants and animals, and a group of dangerous pathogens (http://en.wikipedia.org/).  
Higher life form microorganisms (eukaryotes), including protozoa and metazoa 
usually reside in sludge too, such as ciliates, rotifers, nematode and oligochaete worms. 
They prey on bacteria to form an ecological chain. Like bacteriophage, such predation is 
believed to regulate the bacterial structures and morphology especially with respect to 
planktonic bacteria (43). The predators are usually considered as beneficial to minimize 
excess sludge and improve effluent quality through chopping dispersed bacterial cells. 
Protozoa and metazoa are also believed to enhance flocs by excreting EPS and increase 
the floc surface area by channeling though the flocs. So their presence serves as 
indicators for treatment performance (15, 39). Furthermore, the presence of the 
eukaryotic communities within activated sludge, as well as the filaments (22, 23), can be 
observed by microscope for their morphological traits to serve as convenient indicator of 
treatment performance. Evidence has been found that predator-prey interactions between 
bacteria and protozoan are the major force shaping the bacterial community structure; for 
instance, filaments and aggregates are believed to be the morphotypes more resistant to 
gazing (43). However, how the predations, in the top-down manner, affect the micro-
structure and thus on the macro-structure of bioflocculation have not been in-depth 
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evaluated. Instead, predation has been studied as one of the ecological measurements for 
sludge reduction and the positive impact on carbon mineralization in AS system. 
Currently this approach has the limitation in application because of the unstable growth 
of the predators (74). 
Not only the predators, microbial community as a whole showed highly dynamic 
and heterogeneous complexity in the engineered system such as activated sludge. 
Dynamic population and ecology engineering are the concepts introduced into 
wastewater engineering, aiming to elevate design from empirical to theoretical manner by 
being equipped with knowledge of microbial ecology (17, 34, 96, 97).  
The simplified MLSS concept is effective to design biological metabolism in line 
with the reactor configuration. However, to maintain a continuous and stable operation 
and to predict shock impact require thorough ecological theories within the engineered 
ecosystem (17, 75). Three ecological theories helpful to engineered biological processes 
are resource-ratio (RRT), nonlinear dynamics and island biogeography. RRT shows 
community composition and size are selectively influenced by resource supply. 
Nonlinear dynamic describes how the nonlinear chaotic nature of biological growth 
affects process stability, implicating that true “steady-state” conditions may never really 
exist in engineered processes due to the innate dynamic population behavior. Island 
biogeography addresses how and why treatment communities assemble and develop with 
its equilibrium model, suggesting smaller wastewater treatment plants should have more 
variable, less stable microbial community. In an engineering design perspective, RRT 
will specify resource levels that maximize the success of the desired group, and island 
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biogeography will predict the probability of their establishment and their biodiversity 
within an operating process (17).  
An example of the above theories is the microbial population dynamics in lab-
scale activated sludge reactors by Kaewpipat and Grady (2002) (45). Based on 
microscopic observations and PCR-DGGE results, they showed that the Bacterial 
communities in the activated sludge systems have been chaotically dynamic for even 
identically operated replicate reactors while the macroscopic performance is not greatly 
impacted. They suggested performance (effluent TSS, COD) was impacted mainly by 
eukaryotic communities. The larger change on the influent composition and operation 
conditions when starting up the reactors, the larger divergence in replicate reactors. So 
they recommended acclimation should be done before the lab reactors setup with large 
difference between the operating conditions. Nonlinear dynamics may explain such 
irregular activity as simply from the complex nature of the biological system (17). 
Another extremely dynamic structure coupled with stable functions were observed in an 
methanogenic reactors running for 605-day period (25), indicating the flexible microbial 
structure for ecosystem function. This phenomenon is also termed as “functional 
redundancy” by Rittmann and McCarty (2001) (76). It may represent the advantages of 
using mixed cultures in response to waste assimilation, but not necessarily to improve 
continued stability with respect to other function such as flocculation (88).  
In fact, activated sludge population dynamics, concerning the microorganisms in 
the sludge and their interactions and functions, address the control of sludge settling and 
dewatering properties as its most important task (96). Engineers intuitively correlate the 
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functions of bioreactors with the complex microbial behaviors (17). They have been 
exploiting microbial ecology either consciously or unconsciously, attempting to reveal 
the structure-function relationship such as the activated sludge composition and its 
flocculation ability (34). However, if the flocculation is a functional “broad process” such 
as COD removal or a “narrow process” such as nitrification (87) is not known yet, and 
neither the microbes get involved in this process. 
2.2.2 Hypothesis and Mechanism of Bioflocculation  
When single cells stick to each other to form aggregates, as termed floc-formers 
in activated sludge, these bacteria are considered contributing most to flocculation. So 
bacteria can be part of the flocs, but they may still be found as free cells around the flocs, 
or they form fine flocs which are not easily settled. Plankton is the name for microbial 
communities existing in suspended state. Planktonic bacteria have been long neglected 
primarily due to their small fraction in activated sludge, approximately 5%-10% of 
suspended solids (7) and they are thought to contribute little to floc formation. However, 
under the pressure of chemical or physical or predation stresses, as well as substrate 
gradients and starvation, planktonic microbes may be stimulated to give up their 
planktonic life to form aggregation (7).  
The general aggregation mechanisms derived from colloid agglomeration and 
applied to drinking water coagulation and flocculation, gaseous particles aggregation, 
might hold something in common to aggregation in wastewater treatment as well (58). 
The four well accepted theories, known as double layer compression, or DLVO theory 
(named after the initials of the four founders of the theory), charge neutralization, 
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bridging and entrapment, might apply to the negative-charged cells treated as a colloid. 
Electrostatic and Van der Waals forces, hydrogen bonds and coordination bonds, as well 
as hydrophobic interactions are associated with floc formation (103).  
The polymer-cation bridging is one of the most popular mechanisms describing 
floc formation, as shown in Figure 2-3. Cells are hold together through negatively 
charged EPS (or ECP, exocellular polymers in some early references), which bridge with 
cations. At the same time, filaments serve as the backbone for the floc-formers to stick on. 
Overall, the floc is an assemblage of 3-dimensional (3D) matrix, with the structure of 
cation bridging of the neighboring cells via negatively charged EPS and with the 
assistance of filaments. Thus, filamentous bacteria with particular morphology, if present 
in an appropriate quantity, assist bioflocculation by providing strength to form compact 
flocs. However, overgrowth of filamentous bacteria may result in settling problems as 
shown in Table 2-1, the filamentous bulking and foaming. 
Based on the mechanisms, the cation constitutes, EPS composition, and the 
biological components as floc-forming bacteria and filamentous bacteria have been 



















Figure 2-3 Schematic structure of activated sludge floc 
Source: (37, 39, 68) 
 
 
2.2.3 Factors Affecting Bioflocculation 
Previous studies showed that increasing ionic strength was found to improve 
flocculation by overcoming the double-layer thickness and surface potential; while it 




 in the 
wastewater was found to enhance the bioflocculation; unbalanced ratio of divalent cation 




 resulted deteriorating flocculation (38). Fe(III) was also 
found to be a good flocculant to stimulate reflocculation of sludge after being 
deflocculated in short-term anaerobic condition (103). Besides, surface charge, 
hydrophobicity, floc size distribution, fractal dimension of the flocs were also found to be 
important factors governing the floc stability (99). Synthetic polyelectrolyte used for 




So the additions of synthetic polymers enhance flocculation for sludge dewatering and 
are the common practice in sludge disposal (41).  
Analogue of synthetic plymers in activated sludge is the biopolymer, EPS, which 
are secreted actively and adsorbed from environment (e.g. from the influent wastewater) 
by microorganisms (73). Besides acting as the protection from desiccation, EPS are 
thought to act as the binding agent for floc-formation, thus playing very important role 
for cell agglomeration (33, 39). It is commonly accepted that EPS are mainly composed 
of protein, polysaccharides, nucleic acids, and humic matter (73). Depending on the 
substrates and conditions in the aeration tank, a variety of microorganisms in the 
consortia produce EPS with varying amount and constituents, leading to improve or 
deteriorate flocculating and settling properties of the flocs. EPS is also found to affect the 
dewatering ability of the sludge (52), which implicates relevance to cost-effective sludge 
disposal.  
EPS is a focus on AS flocculation studies; however, EPS also represent obstacles 
due to the heterogeneity and complexity to the studies to better understanding of 
interactions on a molecular basis (101). Different extraction methods are still in the active 
process of development and comparison. No standard extraction method is established 
yet. In addition, results from the previous studies on EPS sometimes conflict with each 
other (52), perhaps due to the incomparable samples and varied extraction methods. For 
example, when correlating EPS with sludge settling ability, which is usually 
characterized by sludge volume index (SVI), most studies showed positive relation 
between EPS and SVI. Wilen et al. (2003c) found both quantity and quality of EPS 
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impact the floc properties; and EPS has positive correlations to SVI when low or 
moderate filaments had been present (101). In other cases either no clear correlation 
between these two or the negative correlation were found. For example, Liao et al. (2001) 
found that large amount of EPS negatively impacted on the compressibility of sludge 
quantified as SVI, but not flocculation ability, suggesting that the quantity of EPS is of 
little value in understanding bioflocculation. They concluded the physicochemical 
properties (e.g. surface charge, hydrophobicity) and constitutes of EPS were important in 
governing bioflocculation (48). 
The above analyis is basically treat cells as colloids for the physical and chemical 
interactions in aggregation. However, cells are differing from inert colloids for its 
biological activities. For example, cells are composed of some metal ions inside their 
structures for metabolic reactions. The metal ions may not only impact on the bridging of 
the cells but also on the physiological reactions of the cells. Another example is the 
production of the biopolymer, EPS, differs from the addition of synthetic polymers. In 
essence, the activated sludge process harnesses a group of microorganisms to perform the 
treatment function in a specific ecological system. In such an ecosystem, microorganisms 
are directly affected by their living environment, such as termed “bottom up” and “top 
down” regulations referring to the nutritional factors and the predation pressure, 
respectively (42). Cell makeup depends on environmental conditions imposed by the 
process design, the mode of plant operation, the characteristics of the influent wastewater, 
and many other factors such as the interactions of the organisms in the biological 
community. The relative abundance and occurrence of organisms at different conditions 
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can reveal why some organisms are present in large numbers while others are absent. The 
macrostructure of activated sludge is thus be affected by the micro-constitution (39). 
Changes in food in terms of solids retention time (SRT), loading factor, or F/M 
(food/microbes) ratio, influent composition, and many other factors including dissolved 
oxygen (DO), temperature, pH, presence of toxins, and ionic strength, create a dynamic 
environment for the treatment organisms, regulating microorganism population and 
diversity (33). From the impact factors to macrostructures (sludge properties), the 
microbial community is the missing link need to be incorporated. Hypothetically, via 
affecting the community first, these factors induce responses of the whole community 
leading to the sludge properties including flocculation and settling abilities.  
Among the parameters, SRT is a preferred important design and operational 
parameter for the activated sludge systems (33). SRT is a nutritional parameter to 
regulate microbial community in the sludge (84). Practically, SRT is proposed to be used 
to enhance bacterial diversity so that the rich and different complementary physiological 
traits species may be better adapted to handle specific environmental perturbations such 
as toxic shock (83). Sanin et al. (2006) assessed the relationship between SRT (instead, 
MCRT was used in the reference; also, sludge age is another synonym for SRT), C/N, 
cation concentrations and bioflocculation, dewaterability. They concluded high SRT, low 






 resulted in the good dewatering ability (84). Liao et al. 
(2001) investigated SRT on SVI, EPS and surface properties of activated sludge flocs. 
They found EPS amount was independent on SRT, while SRT affected surface properties 
such as hydrophobicity and surface charge, which had strong correlation with 
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flocculation abilities characterized as effluent TSS (48). These sludge properties, 
however, are possibly the reflection of microbial structure.  
To find a thorough understanding of microbial community and its function, the 
identification and quantification of the members making up the community needs to be 
done. The interactions among the members and the spatial and temporal changes under 
different conditions need to be investigated.  
2.2.4 Summary of current understanding 
Polymer-cation bridging is the currently proposed mechanism for bioflocculation 
in the activated sludge. The biological processes involved are still far from clear, and the 
floc-formers, EPS, and filaments and multivalent cations, in associated with the other 
possible parameters such as ionic strength may impact or be impacted in the processes. 
Dynamic microbial community itself is a mystery in response to the parameters and in 
relation to its functions. Cell-cell signaling (quorum sensing) in biofilm formation may 
also act resonantly in floc-formation for the relevance between biofloc and biofilm 
(http://www.awmc.uq.edu.au/students/nishas.html, June, 2007). Microorganisms in the 
sludge are the active key players to form the microstructure thus to be responsible for the 
physiochemical properties of the macrostructure (69). Therefore, the floc properties 
including settling ability should be linked with the microbial structure in sludge (32).  
Many studies have been carried out attempting to link the flocculation, settling, 
and dewatering abilities, as well as the system stability with a variety parameters such as 
physicochemical properties of floc (40, 41, 48, 99, 100), biological characteristics (32, 45, 
102, 103, 105), environmental or process parameters such as SRT (49, 50, 84, 91), or 
 
22 
even using synthetic floc to simulate the real complex floc (68). In general, a stable 
system and good settling sludge largely depend on flocs’ structural properties and on the 
microbial community in the system (32).  
Because of the complicated network of chemical, physical, biological processes 
involved in sludge floc characteristics, as depicted in Figure 2-4 by Jin et al. (2003), the 
integrated research approaches were proposed to incorporate all the possible impact 
factors (40). The influent wastewater and the operational conditions including chemical 
composition, ionic strength, present toxics, pH, temperature, DO and so on, exert 
influence on floc characteristics via chemical, physical and biological pathways. To 
quantify these characteristics of sludge flocs, a variety of parameters have been 
developed. These include floc morphology, microbial community, chemical composition, 
floc properties of flocculating ability, surface charge, hydrophobicity, viscosity, and 
sludge properties including compressibility, settleability, dewaterability, stabilities. 
Correlations among different parameters have been attempted for better understanding of 
the mechanisms.  
This study focused on the biological interactions on aggregation mechanism. 
Microbial community structures in the sludge were investigated using the molecular 
techniques, which are culture-independent and target the entire community as a whole 








2.3 Application of Molecular Techniques to Activated Sludge 
Research 
The conventional method to study diversity and dynamics of microbial consortia 
in activated sludge is either microscopic observation or cultivation. However, there is a 
large discrepancy between the total direct microscopic counts and viable plate counts 
(usually less than 1% of the former) for many ecosystems (66). Still, recoveries from 
activated sludge even with the optimized media are only between 5 and 15% (2). Often 
the microscopically most prominent microorganisms like the filamentous bacteria in 
foaming activated sludge cannot be found by standard cultivation procedures. In fact, 
only a very small portion of microorganisms is culturable (31). For example, in activated 
sludge, only 1-15% of total cells are culturable (2). In addition, no single pure cell living 
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alone outside of lab Petri dish, and microbial behaviors greatly depend on environment 
and interactions with one another, so the in situ methods are promoted for more accurate 
description within the specific ecosystem (11).  
As saying goes by Mark Twain, “To a man with a hammer, everything looks like 
a nail.” To expand view to the microorganism world, efforts for new tools have been 
prompted to gain more direct insights. For the past decade, with advances in molecular 
biological technology, nucleic acid-based methods have been introduced to activate 
sludge study, such as FISH-MAR (fluorescence in situ hybridization-
microautoradiography), PCR (polymerase chain reaction), DGGE (denaturing gradient 
gel electrophoresis), TGGE (temperature gradient gel electrophoresis), T-RFLP (terminal 
restriction fragment length polymorphism), microarray, cloning, full-cycle rRNA 
approach etc. Overall these techniques have revolutionized the structure-function studies. 
These new culture-independent tools, breaking the great limits in the conventional 
methods, are able to study such complex microbial population in environmental samples 
as the activated sludge without growing microbes on media and isolating them (31). For 
instance, floc-formers were found to include Zoogloea ramigera, Kluyvera cryocrescens, 
Pseudomonas sp., Flavobacterium sp. With the contemporary molecular biological tools 
today, the list is greatly changed and expanded since the conventional isolation methods 
failed to identify majority of the microbial community (39, 56).  
Based on the 16S rRNA/DNA, the conservative fragment in Bacterial nuclear acid, 
or 18S rRNA/DNA, the counterpart in eukaryotic organisms, the genetic information 
contained in the DNA fragments from the entire community can be obtained and then be 
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amplified for further fingerprinting analysis. Though like other techniques, molecular 
techniques are not free of error or bias. Still, it is widely used as a powerful tools to 
observe population shifts and follow the succession of bacterial populations over time 
(31).  
Among these molecular tools, PCR coupled with DGGE or TGGE are commonly 
used for microbial community diversity and dynamic studies (5, 6, 10, 45, 64, 66, 67). 
The procedure of a DNA-based PCR-DGGE analysis is shown in Figure 2-5. Without 
culture and isolation, DNA information can be extracted from environmental sample such 
as a small amount of the activated sludge. PCR is the process of amplifying a fragment of 
DNA in vitro by repeated cycles of synthesis. The amplified fragment of DNA is 
specified by a pair of primers, a known fragment of DNA. The enzyme, which is termed 
DNA polymerase, is needed to catalyze the reaction. Nested-PCR, which refers to two-
step PCR, first using the specific primers to target a subgroup bacteria followed by a 
second-step PCR using the universal primers, had been successfully applied with 
increased sensitivity than one round PCR (6). DGGE is used to separate the amplified 
DNA gene fragments based on different DNA sequence, which shows different melting 
behavior and migration rate on the gel. So it allows the identifying fingerprint from the 
sequence rather than the size. Theoretically, a band shown in a specific position on the 
gel represents one species or ribotype in the entire community (67, 93, 94). The constitute 
accounting for as low as 1% the entire community can be identified by DGGE (65). 
Different samples can be compared on the same gel with parallel operation. The obtained 
banding pattern, i.e., the fingerprinting profile, is analyzed with statistic evaluation as 
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well as graphic examination by some software (28, 29, 106). A common practice after 
DGGE is sequencing bands to confirm the taxonomic affiliation of the organism. 
However, it is time consuming and does not lend to rapid diagnosis (30), and the banding 
patterns in a highly diverse microbial systems such as activated sludge are much too 
complex to be feasible for sequencing (21). So researchers used theoretical analysis to 
predict species presence (30) or ecological diversity indexes (59, 77, 83) to correlate 



















Figure 2-5 PCR-DGGE analysis of environmental samples 
A. DNA extraction; B. Polymerase chain reaction to amplify DNA fragment; C. 
Fingerprinting method DGGE, denaturing gradient gel electrophoresis, different 
DNA fragments with same size are separated on a polyacrylamide gel with 
gradient between top and bottom. D. Interested bands for further sequencing and 




Like other method, PCR-DGGE is not error-free. Limitations or bias may come 
from sample handling and storage (e.g. soil sediments being stored in aerobic condition 
or direct freezing); DNA extraction (intact nucleic acid, and presence of inhibitory 
matters for next step PCR). PCR process may have preferential amplifications, formation 
of chimeric molecules or heteroduplex molecules. DGGE is limited to the separation of 
relatively small fragments (up to 500 bp) and it is not always able to separate DNA 
fragments with the certain amount of sequence variation, and different 16S rRNA region 
have different optimum condition for best resolution (67). 
Still, the molecular toolbox well facilitates the study of environmental sample and 
it is applied in biological wastewater treatment process for relatively rapid comparison of 
bacterial diversity (32). It is helpful to answer the important questions such as which 
bacteria undertake which functions in activated sludge (16). 
By means of the combination of the modern molecular tools with the conventional 
microscopic observation and isolation, functional groups in activated sludge can be 
identified. For instance, filamentous bacteria Microthrix parvicella, known for causing 
the sludge bulking and foaming worldwide, and are also known as very resistant to 
culture method, has been identified (82). Other important functional groups have also 
been identified and quantified in situ, such as nitrifiers and denitrifiers, which are 
responsible for nitrogen transformation, polyphosphate-accumulating organisms (PAOs), 
which are responsible for N and P removal; glycogen-accumulating organisms (GAOs), 
which compete with PAOs to cause malfunction of nutrient removal (95), and protein-
hydrolysing organisms (PHOs), which is able to degrade proteins (107). These findings 
 
28 
provide valuable basis for improving efficiency and functional stability of wastewater 
treatment systems, and also provide potential applications for bioaugmentation of waste 
treatment (e.g. (8)). 
In contrast to the bacterial communities, which have been widely studied using 
the molecular tools, eukaryotic communities have only recently become a subject of 
molecular studies (61). These studies were almost focused on marine ecology for smallest 
eukaryotes (19) and on food for yeast and fungi (24). Only one study was found 
beginning the molecular study on the eukaryal community in activated sludge (57).  
This study aimed to reveal the integrated microbial communities in the activated 
sludge including both bacteria and eukaryotes using DNA-based PCR-DGGE approach. 
Dynamic and comparison were ascertained through DGGE profiles and the diversity 
indices were obtained from the DGGE image analysis. 
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CHAPTER 3  
RESEARCH OBJECTIVES AND EXPERIMENTAL DESIGN 
3.1 Objectives 
This research attempts to gain a better understanding of the mechanisms of 
bioaggregation in activated sludge systems, focusing on the microbial community 
involved in the process. The results of this study are relevant to improving the 
performance of wastewater treatment. This is a hypotheses-driven study, and two 
hypotheses were tested.  
Hypothesis I: The impact of SRT on flocculation and settling abilities is revealed 
in microbial community structure. In other words, changes in aggregation capabilities are 
a response to changes in the microbial communities which coincide with changes in 
operating condition. Therefore, microbial community is the link between an operational 
control such as SRT and the activated sludge settling performance.  
Hypothesis II: The planktonic and floc regions of the activated sludge shared 
significant similarity in their microbial community structures. The hypothesis was tested 
through the culture-independent community analysis and the novel separate sampling of 
mixed liquor solids, thickened sludge and supernatant from activated sludge systems. 
This hypothesis was derived from the previous findings using the culture-dependent 
approach. 
Accordingly, the specific objectives of the study include:  
(1) To investigate the effect of SRT on aggregation function of activated sludge; 
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(2) To investigate the effect of SRT on the structure of activated sludge microbial 
community; 
(3) To link SRT, macroscopic sludge settleability, and the structure of the 
microbial communities involved in aggregation;  
(4) To evaluate the effect of SRT on activated sludge EPS production and 
composition; and 
(5) To perform microbial community analyses using PCR-DGGE for samples 



























Part 1. Lab-scale reactors 
Hypothesis I. SRT impacts on the 
sludge settling performance via its 
impact on microbial community 
Part 2. Full-scale AS WWTP 
Hypothesis II: Majority bacteria 
are found in both floc and 
planktonic communities 
Sampling from: 
Clemson WWTP, Pendleton 
WWTP, Anderson WWTP 
Set up four SBR reactors: 
A (SRT 4 d), B (SRT 8 d),  
C (SRT 16 d) and D (SRT 32 d) 
(SRT 4 day) 
Entire community 
(Mixed liquor of 
activated sludge) 
Planktonic community 
(Supernatant of mixed 




of mixed liquor 
or RAS) 







End of part II 
Convert DGGE image information 




eTSS, MLSS, SVI 




MATERIALS AND METHODS 
4.1 Sampling of Activated Sludge 
Three local wastewater treatment plants (WWTPs) in Clemson, Pendleton and 
Anderson, were sampled for their proximity. The basic information on the samples was 
summarized in Table 4-1. In each plant, three locations were sampled, the activated 
sludge from the aeration basin (AS), the effluent from the clarifier (C), and the return 
activated sludge (RAS) from the clarifier bottom or inlet to the aeration basin.  
Further, in the lab the mixed liquor activated sludge samples were mixed by 
shaking, and then allowed to quiescent settle in 1-L graduated cylinders for 2-2.5 h to 
obtain clearly separated supernatant (S) and thickened samples (D), which were 
purposely lab-simulations of clarifier effluent and RAS, respectively. In total, one plant 
has five samples: one sample represented the mixed liquor of activated sludge, two 
samples (clarifier and supernatant) represent the planktonic community, and two samples 
(RAS and settled sludge) represent the floc community.  
AS samples from Clemson WWTP was used as the inoculum for laboratory SBRs. 
SBR samples were collected from the aerated mixed liquor (AS), as well as the 
supernatant (S) and thickened sludge (D) after quiescent settling.  
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Reg. Sewage Plant 
Anderson 
6 & 20 Mile Creek 
WWTP 
Type of wastewater 
(ww) 
Domestic ww Domestic ww 
Domestic ww & 
small fraction of 
industrial ww 
AS type All the three are extended aeration 
Biological process All the three are for COD/BOD removal 
Average flowrate 
(MGD) 
0.59-0.63/2.0 0.50-0.60 0.124-0.173 
Maximum capacity 
(MGD) 
2.0 1.0 0.5 (package plant) 
Influent TSS (mg/L) 254 165 413 
Influent BOD5 (mg/L) 333 171 201 
Effluent TSS (mg/L) 







Effluent BOD5 (mg/L) 









 75 96 30 
SRT (day) 12-24 12-24 25-30 
a
: estimated with the grab samples  
N.A.: not available 
Information came from staff of the three WWTPs; name of the plants are as per 
EPA report (http://www.epa.gov/owm/mtb/cwns/1996report2/sc.htm). 
Pendleton sample was taken after a rain on previous day. 
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4.2 Microbial Community Analysis 
4.2.1 DNA Extraction 
The mixed liquor (AS), RAS and settled sludge of AS were subject to centrifuge 
at 8,000 rpm and 4°C for 5 min, the pellet sludge was used for DNA extraction. About 1 
to 2 liter the clarifier effluent sample (C) and the supernatant after AS settling (S) were 
filtered through 0.2 µm membrane till the membrane was clogged; then the membranes 
were cut into small pieces for DNA extraction. 
UltraClean® soil DNA isolation kit (MoBio, USA) was used to extract DNA 
from sludge samples, following the instruction of the supplier for all the samples of 3-
WWTP samples and samples from 168 d to 268 d from lab-scale reactor.  
A phenol-chloroform protocol (71, 108) was followed for samples of 0 d to 160 d 
of lab-scale reactor part. Extracted DNA products were checked on 0.7% agarose gel in 
1X SB buffer (9) with 1 kb ladder (Promega, USA). The representative gels pictures are 
provided in Appendix E. 
4.2.2 PCR and nested PCR 
PCR reactions were performed in 50 µl volume for each reaction. The PCR 
mixtures contained 10 µl green buffer (Promega, Madison, WI), 2.5 µl each primer of 4 
µM (diluted from 100 µM stock solution in TE buffer, Integrated DNA Technologies, 
Inc.), 1 µl dNTPmix (Promega, Madison, WI), 2.5 µl bovine serum albumin (BSA) 
30mg/mL agent (BSA was from SIGMA, dissolved in sterile DDI and exposed under UV 
for more than 30 min), and 0.2 µl GoTaq (Promega, Madison, WI). The extracted DNA 
was used as the template for PCR. Template amounts were determined empirically by 
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repeating PCR and checking on agarose gel. Generally, 1-5 µl of 1:20 diluted DNA for 
phenol-chloroform method, and 2-3 µl non-diluted DNA for MoBio kit method. Sterile 
distilled, deionized (DDI) water was added to make the final reaction in 50 µl.  
Nested PCR were two-step in order to increase the sensitivity to evaluate specific 
subgroup bacteria (6). The first PCR using spcific primers and 1-2 µl DNA extract as 
template (T1) in 25 µl reaction (all the reagents in 50 µl reaction was cut half of the 
volume except the GoTaq kept the same amount). The second PCR using universal 
Bacteria primers and 1-2 µl PCR product from first step as template (T2) in 50 µl 
reaction for next DGGE analysis. DGGE results confirmed the feasibility of nested PCR 
in agree with the results of Boon et al. (2002) that non-group-specific template had no 
significant impact on the nested PCR products 
Master-mix solutions with the above agents were made in ventilation clean hood 
cleaned with 70% ethanol and exposed to UV for more than 15 min right before 
operation.  
341fGC-534r pair was applied as forward and reverse primers for Bacteria PCR 
and further DGGE. This primer pair targets universal Bacteria. Euk1A-516r pair was 
applied for PCR-DGGE targeting universal eukaryotes (Table 4-2). Group specific 
primers for nested PCR were applied targeting six subgroup bacteria (Table 4-3). All 
primers were from Integrated DNA Technologies, Inc. (IDT). 
PCR was performed on a Mastercycler Gradient (Eppendorf). PCR program for 
universal Bacteria primers (341fGC-534r) included an initial denaturation at 94°C for 
300 s, followed by 30 cycles
 




and extension at 72°C for 45 s. PCR program for Euk-primers included an initial 
denaturation at 94°C for 130 s, followed by 35 cycles
 
of denaturation at 94°C for 30 s, 
annealing at 56°C for 45 s, and extension at 72°C for 130 s. 
PCR products were examined with 100 bp ladder (Promega, USA) on 2% agarose 
gel electrophoresis in 1X SB buffer at 80V for 1.0 h. Gel was stained in 0.25 mg/L 
ethidium bromide. SB buffer (9) was made by mixing 8g NaOH and 57.5 g boric acid in 
DDI water to 1L, and the pH was adjusted to 8 with NaOH solution to be 20X stock 
solution. All DGGE gels, as well as agarose gels were run in 1X SB buffer. 
Table 4-2 Primers used in PCR for Bacteria and Eukarya 
Primers 
Sequence 











CC TAC GGG 


































 The GC clamp sequence is  
CGC CCG CCG CGC GCG GCG GGC GGG GCG GGG GCA CGG GGG GAC T.  
b
 The GC clamp sequence is  
CGC CCG GGG CGC GCC CCG GGC GGG GCG GGG GCA CGG GGG G. 
c
. Target site is E.coli numbering for Bacteria. 
d
. Target site is Saccharomyces cerevisiae for eukarya. 
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 Table 4-3 Specific PCR primers targeting subgroup bacteria  









5′-GGA TGA GCC CGC GGC CTA -
3′ 
5′-CGG TGT GTA CAA GGC CCG 









5′-GGA GRA AAG CAG GGG ATC 
G-3′ 
5′-GGA GGA AAG TAG GGG ATC 
G-3′ 









5′-GAT CCT GGC TCA GAA TC-3′ 
5′-CGG TGT GTA CAA GGC CCG 






5′-AAG CGG GGG ATC TTC GGA 
CC-3′ 
5′-CGG TGT GTA CAA GGC CCG 








5′-GTT CGG AAT AAC TCA GGG-
3′ 
5′-CGG TGT GTA CAA GGC CCG 








5′-CCG CAT ACG CCC TAC GGG 
GGA AAG ATT TAT-3′ 
5′-CGG TGT GTA CAA GGC CCG 








Based on the method described by Muyzer et al. (1993), DGGE was performed 
using the CBS-2001 system (C.B.S. Scientific Co., CA, USA). The polyacrylamide gels 
were made with denaturing gradient ranging from 20%-80% for Bacteria PCR products 
and second step nested PCR products, 10%-40% for Eukarya PCR products. Two 
solutions of 0% and 100% of 6% acrylamide were mixed to make the desired gradients, 
shown in Table 4-4. The cast gel was left in room temperature overnight and then was 
heated in 1X SB buffer tank to 60˚C. PCR products were loaded on the gel to run at 140V 
for 3-5h. Loading amounts were determined empirically from agarose gel band of PCR 
products, normally at 10-25 μl containing 300-500 ng DNA. Gels were stained in EB 
solution (5 µl 10 mg/ml to 200 ml DDI water) for 30 min and rinsed in DDI water for 15-
30 min. The gels were photographed using Bio-Rad Gel Doc
TM
 XR (BIO-RAD 
Laboratories, Segrate, Milan, Italy) under UV illumination. 
Table 4-4 DGGE casting solution composition  
Gradient 0% 100% 
40% acrylamid/bis (Bio-Rad) 15 mL 15 mL 
20X SB buffer 2 mL 2 mL 
Formamide (VWR or Bio-Rad) 0 40 mL 
Urea  0 42 g 




4.2.5 Analysis of DGGE Banding Profiles  
Diversity indices. In ecology, a diversity index is used to quantify the 
biodiversity of an ecosystem. Because the estimators for diversity indices are likely to be 
biased, caution is advisable when comparing similar values (21). The commonly used 
biodiversity indices were introduced as below (77, 78, 83). 
Shannon index of general diversity H (or H’), the most commonly used index for 
ecological bio-diversity, was used to quantify the structural diversity of a microbial 
community. The higher the value H, the more diverse is the community. It is calculated 






                                                                                                   (1) 
Where pi is the intensity proportion, taken as the relative quantity calculated by 
the software QuantityOne 4.6. S is the richness, total number of species in the community, 
here as the total number of bands in one sample. So pi is proportion of S made up of the 
ith species. 
Simpson’s index of dominance (D) is another commonly used parameter in 
ecology; it is used as the reciprocal of D and is calculated as: 
2
/1/1 ipD                                                                                                       (2) 
Where, pi is specified previously for H.  
Evenness (E) is an index to examine the species distribution in a community; its 
value is between 0 and 1. The closer to 1, the E value means the more evenly distributed 







                                                                                                             (3) 
Equitability (ED) is between 0-1, another index indicating the evenness, as 




                                                                                                           (4) 
Berger-Parker index (d), evaluating the most dominant species among all the 
species in a community, is calculated by the equation: 
NNd /max                                                                                                       (5) 
Where, Nmax is the most intensity band in the sample, N is the total intensities of 
bands in the sample.  
Similarity analysis. From a DGGE band profile, the absence or presence of a 
band is designated as 1 or 0, and then the binary matrix is set up for the bands occurring 
in the samples. Such binary matrix is then translated into a distance matrix using the 
similarity coefficient such as Dice coefficient, which was the default method in 
QuantityOne 4.6. According to Schafer and Muyzer (2001) (86), the Dice coefficient was 
calculated with the numbers of bands shared between samples and the total band numbers 








                                                                                                   (6) 
Where, NA and NB represent the total number of bands in sample A and B, 
respectively; NAB is the number of bands common to both samples.  
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Clustering analysis. Further, clustering method such as UPGMA (Unweighted 
Pair Group Method with Arithmetic mean, unweighted pair-wise grouping with 
mathematical averages) was applied for image analysis. For UPGMA analysis, the 
distance matrix representing the pair-wise similarities of the DGGE pattern using the 
Dice coefficient (or other similarity coefficient) to infer a dendrogram that depicts these 
distances in graphical form. Such phylogenetic trees are schematic representations of 
sample similarity. Distance matrix between the sample pairs are converted from the 
similarity matrix, and two clusters with the minimum distance are joined into one cluster. 
In this study, the dendrograms were created using the QuantityOne 4.6 (BioRad). 
UPGMA is regarded as one of the most plausible clusters and is affected the least by 
samples that are outliers (from the manual of QuantityOne 4.6).  
QuantityOne 4.6 (BioRad) was used to get image information such as relative 
quantity of each band in a lane (one sample) based on the intensity of the band. Gel 
pictures were optimized using “auto-scale” function and manual adjustment and the band 
detection was conducted using the same parameters for each gel such as sensitivity 15 
and band width 3.5mm. One of the lanes containing most bands were selected for the 
“match” function to obtain the lane report, similarity matrix, and the cluster dendrogram. 
The former two data were able to be exported to excel for the diversity index calculation.  
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4.3 Operation of Laboratory-scale Activated Sludge Reactors 
Four SBR reactors, designated as A, B, C and D thereafter, were setup with the 
same configurations but with four SRTs, 4, 8, 16 and 32 days, respectively. SRTs were 
determined by the wastage volume. Identical reactors with volume 4L and HRT 2-day 
have been maintained daily. The operations of SBRs were controlled by programmable 
timers for solenoid valves open/close and aeration/stirring switch on/off at the set time. 














Figure 4-1 SBR reactors schematic configuration  
A: outlet of WAS; B: outlet of effluent after settling; 
Valves: 1. air supply; 2. influent feed; 3. effluent decant; 4. WAS outflow; 5. 


































The seed activated sludge was collected from the aeration basin of Clemson 
Wastewater Treatment Plant (Clemson, SC) as inoculum. Operational conditions were 
summarized in Table 4-5. 
Seed sludge was acclimated with synthetic wastewater for 6 days according to the 
suggestions by Kaewpipat and Grady (2002) (45). In addition, the four SBRs were 
sterilized with 2% (w/w) bleach and rinsed with autoclaved tap water and running with 
tap water for 14 days to sterilize and stabilize the system. The pre-run and sludge 
operation log sheet is provided in Appendix A.  
Table 4-5 Operating conditions of the four-SBR system  
Parameters Unit Value 
Target sludge retention time (SRT) Day 4, 8, 16, 32 
Hydraulic retention time (HRT) Day 2 
Effective volume of SBR L 4 
Cycle length Hour 12 
Filling period Minute 2.5 
Aeration (reaction) period Minute 680 
Settling period Minute 35 
Withdrawing period Minute 2.5 
Operational temperature °C 22-24 (room temperature) 




Air flowrate  L/min 1.5±0.1 
a




4.3.1 Synthetic Wastewater 
Synthetic wastewater as feeding media (Appendix B) contained total COD 900 
mg/L composed of Bacto-peptones, proteose-peptone, soluble starch and methyl pyruvate. 
Micronutrients such as the metal ions were supplied too. Buffer capacity was provided by 
phosphates (45).  
Ion composition analysis was conducted using Vminteq ver2.52 
(http://www.lwr.kth.se/English/OurSoftware/vminteq/), and it was shown with ionic 
strength 0.0177 M, pH 6.8 (the same value as the pH meter measurement).The ionic 
strength was at the optimum range 0.006-0.06 M based on (60) and no more than 0.1 M 
(109). [Ca
2+
] 2.5 mM (5 meq/L), [Mg
2+
] 2.5 mM (5 meq/L), [Na
+
] 2.2 mM (2.2 meq/L), 
[K
+
] 0.62 mM (0.62 meq/L), meaning the ratio of monovalent cation to divalent cation 
(M/D) was less than 2 and would not be the limiting factor for flocculation according to 
Higgins and Novak (1997b) (38). [K
+
] was almost within the optimum range 0.25-0.5 
meq/L and less than 2 meq/L (63). 
Total carbon (TC) and total nitrogen (TN) in the result was calculated from the 
gradients of the synthetic wastewater using empirical formula (C16H24O5N4) for protein 
(33), and (C6H10O5)30  for starch (online book, Essentials of Physiology: Prepared 
Especially for Students of Medicine by Sidney Payne Budgett, and 
http://www.1911encyclopedia.org/Starch), C4H6O3 for methyl pyruvate. TOC, COD and 
TN were measured (instruments used were listed in Appendix I). C/N was expressed as 
the ratio of TOC/TN (Appendix B).  
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4.3.2 Microscopic Observation 
Mixed liquor from each reactor was taken for microscopic observation using 
Zeiss AxioSkop2 Plus under 40X and 400X magnification.  
4.3.3 Soluble COD and TSS measurements 
Soluble COD (sCOD) and total suspended solids (TSS) measurements were 
conducted following the standard method (APHA, AWWA and WEF, 1992). 
BioScience® digester vials (low range 5-150mgCOD/L) were used for sCOD following 
the instructions of the manufacturer.  
4.3.4 Settling and Flocculation Ability Measurement 
To evaluate sludge flocculating and settling ability, the 1L sludge volume index 
(SVI) was measured daily after one month of operation. Modified 100mL SVI (mSVI), 
aggregation index (AI), flocculation ability (FA) and relative hydrophobicity (RH) were 
measured once steady state was reached (assumed after 160 d operation). At that time, 
sCOD removal and MLSS level in the reactors reached steady state.  
Standard SVI was conducted as described by Jenkins et al. (2003) (39). Briefly, 
freshly sampled mixed liquors were allowed to settle quiescently in 1-L graduate cylinder 
out of direct sunlight for 30 min. Volume occupied by the settled sludge was recorded as 
SV (mL/L). SVI was then calculated using the TSS and SV. In this study, SVI was 
measured using the combined WAS and RAS which was discharged daily to ensure the 
sufficient 1-L volume and to normalize the concentration of the samples from the four 
reactors to the WAS of reactor A, which had the lowest concentration of mixed liquor.  
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Modified SVI (mSVI) in 100 mL cylinder was conducted at the steady state stage, 
and measured similarly as described above except using the thicken sludge after 1-L SVI 
measurement in 100 mL graduate cylinder. The reason of using mSVI to backup the SVI 
was the daily WAS and RAS had very small value of SV in a 1-L cylinder (sometimes 
even lower than the smallest marker level of 1 L cylinder) possibly causing the reading 
errors. SVI is affected by many factors, such as suspended solids concentration, cylinder 
diameter, temperatures, stirring; researchers dealing with small volume sludge samples 
usually used 100 mL cylinders (18). Therefore, all the SVI measurements were conducted 
using freshly drained and normalized TSS, at the same location and same time. The 
comparison of four reactors only made for same sized cylinders. That is, the two SVIs 
were not used for their correlation, but rather two separate backup measurements.  








  in mL/g                                              (7) 
Where, volume VWAS+Veffluent = 1 L or 100 mL for standard 1 L SVI or 100 mL for 
modified SVI, which were designated as SVI and mSVI, respectively.  
Aggregation index (AI) was measured as described by Malik et al. (2003) (56): 





(%)AI                                                                     (8) 
Where, OD was the abbreviations of the optical density under 600 nm wavelength 
(Beckman Du® 640 spectrophotometer). ODtotal was for the mixed liquor, and 
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ODsupernatant was for the supernatant after the mixed liquor was centrifuged at 650 g for 2 
min (Eppendorf Centrifuge 5804R).  
Flocculation ability (FA) measurement was performed as described by Wilen et al. 
(2003b and 2003c) (100, 101) with slight adjustment, i.e., 80 mL of sludge was placed in 
a beaker on ice and sonicated for 15 s at 30 W (Fisher Sonic Dismembrator, Model 300, 
using relative output 10%). Stirred samples before and after sonication were collected in 
1.5 mL centrifuge tubes, centrifuged at 1,200 rpm for 2 min (Eppendorf Centrifuge 
5415D), and the ODs of the two supernatant were measured by spectrophotometer at 650 
nm (ODA, ODB, respectively). The rest of the sonicated suspension was stirred with a 
magnetic stirrer at ambient temperature for 15-30 min at slow speed (almost 0 at the 
stirrer plate scale and four beakers were put on same stirrer plate), and the samples were 
taken for the same centrifuge and OD measurement (designated as ODC). FA was 
calculated to evaluate the reflocculation ability as: 
            %)OD/OD(FA AC 1001                                                                              (9) 
However, in this study, the flocculation ability was evaluated in the “as is” sludge, 
instead of the reflocculation ability. So the calculation was modified as: 
             %100)/1(* BA ODODFA                                                                           (10) 
 
4.3.5 Relative Hydrophobicity 
The relative hydrophobicity (RH) was measured as previously described (13, 79-
81, 101) using the same ratio of sample to n-Hexadecane, but the sample amount was 
reduced proportionally. Mixed liquor samples (normalized to 800mg/L MLSS for each) 
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of 30 mL were washed and suspended in Tris buffer (0.05 mM at pH 7.1) and 
subsequently sonicated (30 W for 2 min), then 3 mL was transferred to a test tube and 
add 1.5 mL n-Hexadecane (M.W. =226.4, MP Biomedicals, LLC.), mixed well by vortex 
for 2 min, then let the suspension stay in a racket for 30 min for two phases to separate 
completely. Aqueous phase (lower layer) was carefully transferred into a new tube with a 
disposable pipette (1 mL) and absorbance of the sample before and after addition of n-
hexadecane for emulsification were measured with the spectrophotometer at 600 nm (as 
OD1 and OD2) (81). RH was calculated by the following equation: 





(RH                                                                                     (11) 
 
4.3.6 EPS Extraction and Analysis 
At the final stage after 160 day, which was 5 times of maximum SRT, 32-day, the 
four reactors were assumed at the steady state and EPS were extracted to compare the 
impact of SRT. The EPS were extracted from the activated sludge by mixing with a 
cation exchange resin (Dowex 50×80, Na
+
 form, 20–50 mesh, Sigma) under turbulent 
shear. This extraction procedure is based on the method by Frølund et al (1996) and it is 
the most commonly used method among the tens of methods used for EPS extraction (73). 
The detailed extraction procedure is attached in Appendix I.  
The analysis of protein, carbohydrate and humic acid in the EPS was performed 
as described in the same reference, i.e., Lowry method and anthrone method for 
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protein/humic acid and carbohydrate, respectively (Appendix I). Humic acid and protein 







                                                                             (12) 
Where Atotal is the absorbance with Lowry reagents including CuSO4, and Ablind is 
the absorbance with all the same reagents excluding CuSO4.  
DNA was measured as it was in the EPS product using the built-in method 
(230/260/280nm) for DNA measurement of the spectrophotometer (Beckman Du® 640). 
Detailed working procedures of EPS extraction and analysis were in Appendix I and 
calibration curves in Appendix D. 
4.4 Data Analysis 
Excel (2003) “data analysis” function was used for statistical analysis including 
ANOVA, statistic t-test, F-test, regression and Pearson’s correlation. The statistic 
software, R code was also used for data analysis of the diversity indices of different 




RESULTS FOR LABORATORY-SCALE REACTORS 
OPERATED AT DIFFERENT SRTS 
5.1 Operating Parameters and Overall Performance of SBRs 
The four lab-scale SBRs, namely, reactor A, B, C and D, were operated for total 
268 days under identical conditions except four different SRTs as 4, 8, 16, and 32 days, 
respectively. The target SRTs were determined only by the proportional WAS volumes 
with the effluent TSS (eTSS) assumed as ideal (i.e. zero). Original seed sludge was 
collected from Clemson WWTP, one of the three WWTPs shown in chapter 6. Seed 
sludge was acclimated with the synthetic wastewater stream (45). The synthetic 
wastewater was composed of two peptones, starch and methyl pyruvate, rather than 
glucose, to expect relative complex microbial communities. The entire system was sterile 
to eliminate the interference, and pre-run with the tap water for 2 weeks to obtain the 
stability (Appendix A). The operational parameters and measured data were summarized 
in Table 5-1, and the performances were shown in Figure 5-1 to 5-4. 
Within 2 weeks after the start up, the MLSS in four reactors became stable and 
also for the rest of the operational period (Figure 5-1 a). In contrast, effluent TSS was 
varying greatly especially for the three longest SRTs (Figure 5-1 b). The effluent sCOD 
was fairly satisfactory considering the targeted influent of 900 mg/L sCOD. The average 
sCOD removal rate was more than 96% for the four reactors. Unexpected large variable 
influent sCOD was observed (Appendix Figure B-3) in feed making and storage. Actual 
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SRTs were calculated (Appendix C), reflecting the difference to the target SRTs, in 
particular for the longest SRT. Nevertheless, the nominal SRT s of 4, 8, 16, and 32 days 
are used for convenience. 
During 100 to 140 days of operation, pH was found to be below 5, especially for 
reactor C in both MLSS and in effluent and reactor D in effluent, even though the feed 
synthetic wastewater had buffering capacity of phosphate to maintain pH close to 7. To 
compensate for the severe pH drop caused by nitrification, starting from the 146 day, 
NaOH (1 N) or Na2CO3 (2 M) were added (using pH controller or manually) to keep pH 
at 7±0.5.  




ions using ion 
chromatography (IC), and the results were shown in Figure 5-5. No inorganic nitrogen 
was present in feed; all the nitrogen was from organic source, i.e., the two peptones. In 
the effluent, NO2
-
-N was more than 2 mg/L in reactors A (SRT 4-day) and B (SRT 8-day). 
Higher NO3
-
-N, around 40-60 mg/L as NO3
-
-N, was detected in four reactors, with 
slightly less in A, higher in B, C and D. Approximately 70% nitrogen in form of protein 
were converted into inorganic nitrogen as nitrite and nitrate, almost all in form of nitrate, 
suggesting the complete nitrification. In four effluents, nitrogen as NO2-N and NO3-N 
were found to be highest in the effluent from reactor C (SRT 16-day). This was in 
agreement with the observation of frequent pH adjustment for reactor C. Highest nitrogen 
was also found in biomass for reactor C (Appendix Table B-2).  
TC and TN in the synthetic wastewater and effluent, as well as the composition of 
the dried biomass from the four reactors were analyzed and are summarized in Appendix 
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Table B-2. Carbon was quantified in terms of TOC and COD. With the similar level of 
effluent COD, the rest carbon retained in the reactor as biomass components accounting 
for about 40% of biomass in weight. Phosphorus and sulfur in four effluents were at close 
level, with slight consumption from influent to effluent. Biomass in reactor D (SRT 32-
day) contained highest amount of sulfur.  
It was assumed that after 5SRT, which exceed the proposed 3 SRT for the steady 
state to be acceptable (3, 33), each reactor reached steady state to compare the microbial 
community and EPS under different SRTs. Therefore, five times of the longest SRT, i.e. 
32-day was used as the milestone for the steady state. All the assumed steady state data 
were the mean value of the steady state.  
 
5.2 Sludge Settling Abilities 
Sludge settling abilities were characterized by SVIs. The standard 1-L SVI was 
monitored for four reactors during the entire operational period. At the steady state, 
modified SVI (mSVI) was monitored at the same time for four reactors using 100mL 
graduated cylinder and more concentrated sludge than 1-L SVI to reduce the reading 
error resulting from the small sludge volumes in 1-L cylinder, particularly for reactor C 
and D. Different volumetric cylinders and different normalized MLSS in the samples 
might impact the SVIs. Therefore, only the consistent measurements were compared 




Table 5-1 Operating parameters of SBRs over the entire period (t=21-250 d) 
Parameters Reactor A Reactor B Reactor C Reactor D 
HRT (day) 2 2 2 2 
Target SRT (day) 4 8 16 32 
Real SRT (day)-overall 
operational period (20-268days) 
3.9 7.2 14.7 23.8 
DO (mg/L) >2 
pH (after 146day) 7.0±0.5 
TN influent (mg/L) 109±9 
TOC influent (mg/L) 395±57 
C/N (g/g as element C and N) 3.6 
COD influent (mg/L) 791±153 
COD effluent (mg/L) 38±12 32±10 30±10 32±13 
COD removal rate (%) 95±2 96±1 96±1 96±2 
MLSS (mg/L) 811±232 1645±332 2771±435 4134±820 
eTSS (mg/L) 59±18 99±57 74±44 110±60 
eTSS/MLSS  7.3% 6.0% 2.7% 2.7% 
Daily TSS lost ratio from 
effluent, or eTSS/MLSS in 
reactor (/day) 
1.7% 2.2% 1.1% 1.2% 
MLVSS /MLSS 74%±4% 74%±2% 73%±5% 72%±5% 
F/M ratio (gCOD/g MLVSS/day) 0.66 0.32 0.20 0.13 
WAS flowrate (mL/day) 968±132 467±97 228±34 121±34 
Effluent flowrate (mL/day) 923±228 1480±623 1673±235 1761±270 
SVI (mL/g)-1L (~800mg/L) 64±31 57±21 34±6 36±9 
mSVI (mL/g)-100mL 
(~5500mg/L) 
88±35 74±21 34±3 34±5 
SVI (mL/g)-1L (~2000mg/L)-
lab805 data 
95 89 45 40 
Dominant microorganisms under 
microscope (refer to Table 5-9 
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Figure 5-2 sCOD removal rate over time and at steady state 
For sCOD at steady state, error bars stand for standard deviations. 
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The SVIs at steady state (after 160 day) and over time were presented in Figure 5-
4. Overall, SVIs in all four reactors were excellent (< 80 mL/g) for C and D, or moderate 
(80-150 mL/g) for A and B. Both SVIs and mSVIs showed higher dynamics in reactor A 
and B than reactor C and D, indicating longer SRT having relatively stable settling ability. 
The ratio of eTSS over MLSS was used to evaluate the flocculation, shown in 
Figure 5-5, which was in agreement with mSVI. Reactors C and D with longer SRTs, had 
better flocculation and setting abilities than Reactors A and B, with shorter SRTs. 
In summary, reactor C and D apparently were of best flocculation and settling 
abilities characterized by eTSS/MLSS and SVI. However, considering lower eTSS, 
reactor C was of the best performance compared to D. Reactor A had lowest eTSS and 
highest SVIs; its SVIs were unstable during most of the operational period. Its lowest 
eTSS was because of the less biomass content in the reactor rather than its good settling 
abilities. Reactor B behaved similarly as reactor A in terms of SVIs, but with much 
higher eTSS corresponding to the highest TSS lost in the effluent (Table 5-1). Reactor D 
was best in terms of SVI, but with most turbid effluent. It was considered pin floc 
according to Table 2-1 adapted from Jenkins et al. (2003) (39), characterized as low SVI 
and high eTSS. In combination of both settling ability as SVIs and treatment performance 
as eTSS and sCOD, reactor C was considered to have the best performance. It had second 
lowest eTSS, similarly low sCOD, and lowest SVIs with least variables (lowest standard 
deviation, or s.d.) at steady state period.  
During the operation course, reactor A had short-term bulking with SVIs 
exceeding 150 mL/g (33) after 160 days. But bulking abated soon as SVIs decreased in 
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the following days. Reactor B suffered a temporary period (less than a week) visualized 
as the large and loose flocs in the mixed liquor, resulting in the clog of effluent piping of 
the reactor. With air-flushing the effluent outlet for a couple of days, such granules 
became smaller and reverted to normal size. Reactor C exhibited dark color for two 
months or so, apparently different with the colors of the rest three reactors, which were 
from lighter to darker yellowish as SRT increased. “Circled particles” of dark color were 
observed under the microscope (Appendix H), and they were visibly identified to be 
Arcella sp, a common amoeba found in activated sludge (39). As the dark colored 
particles attenuated to light color and lysis was observed, the color of MLSS in reactor C 
became more similar to reactor D. In addition, during operational course, reddish sludge 
worms, which generally appear at higher SRT (39), were observed in reactor A and C at 































































































Figure 5-5  SVIs and eTSS at steady state (t=160-259 d) 


















































5.3 Other Measurements of Sludge Properties 
Other measurements such as AI, FA, were attempted to backup the measurement 
of SVI and eTSS/MLSS, are summarized in Table 5-2. However, the differences across 
the four reactors were either too small to reach clear conclusion or the measurements 
were not suitable to obtain effective standard deviation for consistent data. For example, 
AI and FA, though with ANOVA analysis showing significant difference among four 
reactors (p<0.05), the absolute values seemed similar. The highest hydrophobicity and 
FA, both of which was found associated with good flocculation and settling ability as 
well as correlation with EPS (100), were assumed to support reactor C’s best 
performance. However, it is uncertain to draw such conclusion from the appreciable 
variable data. Besides, AI and gravity settling index showed the relatively poorer settling 
performance for reactor C, which were contradictory to the previous results.  
It was concluded as the inapplicability of these measurements to the sludge 
samples in this study. For example, according to Guellil et al. (1998) (35), the 
hydrophobicity measurement is suitable for pure cultures, but “not applicable with any 
degree of accuracy to activated sludge even when dispersed by sonication.”  
Table 5-2 Summary of other measurements of sludge (t=160-260 d) 
 A (SRT4) B (SRT8) C (SRT16) D (SRT32) 
Aggregation Index 
(AI) 
79%±7% 78±6% 76±6% 72±8% 
Flocculation ability 
(FA) 
94%±3% 95±1% 96±2% 95±2% 
Relative 
hydrophobicity (RH) 
5%±12% 10%±46% 24%±37% 10%±18% 
Gravity settling vs. 
max (200-1000) rpm 
centrifuge 
0.98 0.98 0.94 0.95 
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5.4 Microbial Dynamics in the Reactors 
5.4.1 Bacterial Community Dynamics  
Panorama dynamics of Bacterial community in four reactors during the entire 
operational course are presented in Figure 5-6 to 5-9. The trend towards stable state 
showed around 40% similarity with the 0-day samples, which were equally distributed 
into four reactors at the starting point. When the selected steady state point, 160 day 
sample served as the comparison base, the steady state samples showed relatively stable 
at 50-60% similarity, even for samples before 160 day. The overall profiles showed 
steady state after 5SRT; the major banding patterns were similar although differences in 
band intensity may exist. Samples of the faint or blank bands were deleted in similarity 
analysis. Acclimation for six days seemed no significant changes from the original seed 
sludge observed from some of the images. 
Bacteria were also examined for plankton and aggregate communities (denoted as 
S and R, respectively), as shown in Figure 5-10. The similar results were observed as in 
full-scale systems in Chapter 6, i.e., separate samples from the same origin shared high 
similarity. But different dominant species existing in plankton and aggregate 
communities were found. AS and R samples were alike while S samples likely differed 
from the two. S samples, mostly, stood out from the other samples with one or two 
particularly dark band. Strikingly, reactor A (SRT4) exhibited unique S sample profiles 
with a dominant dark band as seen in Figure 5-11 (a). Reactor D (SRT32) showed rather 
uniformly distributed banding pattern which were highly similar among the AS, S and R 






































Figure 5-6 Reactor A (SRT4day) dynamics over time 
Top numbers were the number of SRT, e.g. 2SRT, 6SRT. Shaded number, 49 indicates 
the day bulking observed. Two 4-0, standing for starting day or 0-day, were loaded on 
both sides as the markers. Faint or blank sample were deleted in similarity analysis 
(50SRT). 
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Figure 5-7 Reactor B (SRT8day) dynamics over time 
Top numbers were the number of SRT, e.g. 0.5SRT, 1SRT. Shaded number, 11.25 
indicates the day large granules observed. Two 8-0, standing for starting day or 0-
day, were loaded on both sides as the markers.  
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Figure 5-8  Reactor C (SRT16day) dynamics over time 
Top numbers were the number of SRT, e.g. 0.5SRT, 1SRT. Seed, the original sludge 
before acclimation, and two 16-0, standing for starting day or 0-day, were loaded on 
both sides as the markers. However, one 16-0 failed to show bands. 
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Figure 5-9  Reactor D (SRT32day) dynamics over time 
Top numbers were the number of SRT, e.g. 0.5SRT, 1SRT. Seed, the original 
sludge before acclimation, and two 32-0, standing for starting day or 0-day, were 
loaded on both sides as the markers. 
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Figure 5-10 (continued on next page) 
(a) SRT4d samples: In order of AS, R, S for each day 
  42SRT      46SRT     48SRT    49SRT     50SRT 
(b) SRT8d samples: In order of AS, R, S for each day except last sample 
    21SRT    23SRT    24SRT    25SRT    26SRT  4AS-50SRTs  
(c) SRT16d samples: In order of AS, R, S for each day 



































Figure 5-10  Comparison of Bacterial community in form of mixed liquor (AS), 
aggregate (R) and plankton (S). 
Every three lanes were from the same day, in order of AS, R and S.  
Pictures from top to bottom are samples from SRT4, 8, 16 and 32-day rectors, with 
one pictures for each of the former three reactors, and two pictures for the last reactor. 
Last lanes in (b) and (c) were samples from different reactor for comparison purpose. 
 
(d) SRT32d samples: in order of AS, R, S for each day 
   1SRT          2SRT       3SRT           4.5SRT       5SRT   
 5.25SRT   5.75SRT      6SRT        6.25SRT     6.5SRT 
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5.4.2 Subgroup Bacteria Community Dynamics 
Since conspicuous nitrification occurred during the operations of four reactors, it 
was of great interest to find out the nitrifiers community dynamics over time. Less 
diversity of such a group of bacteria, termed ammonia oxidizing bacteria (AOB), were 
observed from Figure 5-11 characterized with less number of bands in contrast to the 
Bacterial profiles. Evolutions were shown during the long time succession. For example, 
in all the four reactors samples of later period very different bands from original seed and 
0 day samples were observed. This suggested the common perspective that nitrifiers were 
slow-growers. Overall, the AOB patterns showed only five species within this subgroup, 
two at upper and three at lower positions compared with seed marker. The two upper 
bands appeared as newly evolved species. The three lower bands were species originally 
present in the seed and in the 0-day samples, where one dominant dark band existed as 
the marker. In original seed sludge, this marker band was present with other lower 
positioned bands of less intensity. After acclimation, the banding patterns were of little 
changes to the marker band. In contrast, upper two bands were found to be newly evolved 
dominants in reactor A, C and D. Another enhanced species closely below the marker 
band were observed in reactor B, C and D. This band was present in the original seed and 
0-day with less intensity than the marker. This band might be associated with intense 


























Figure 5-11 (continued on next page) 
Seed, 0,   14,  40,  42, 50,  56,  64,  67;  14,  40,  42,  50,   56,  64 
(a) 4-AS                                                     4-S 
Seed, 0,   5,   7,  21,  25, 28, 32, 33.5; 7,  21, 25, 28,  32, 33.5 28-Bateria 








































Figure 5-11  Ammonia-oxidizing bacteria community dynamics over time 
Top numbers were the number of SRT, e.g. 0.5SRT, 1SRT. Lines in between separated 
AS and S, or R samples; shaded label was universal Bacteria community. 
       Seed,  0,  10.5, 14,  16, 16.75;10.5,12.5,14, 16, 16.75; 10.5, 14, 16,16.75; seed 
(c ) 16-AS                                S                                  R 
   Seed,  0,  1.5, 5.25, 6.25, 7, 8, 8.4; 1.5, 5.25,7,  8;  1.5,  7,  8; seed 
(d) 32-AS                                                 S                         R 
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Another subgroup bacteria investigated was actinomycetes in reactor A (Figure 5-
12), where bulking was observed at 49SRT. The other three reactors samples were also 
loaded on the same gel for comparison. Originally, either seed sludge or 0-day samples 
had fairly diverse bands; later on actinomycetes population decreased in all the reactors 
with fewer bands observed at the steady state. The exception was reactor C, where 
planktonic and aggregate communities having similar species composition, while the rest 
three reactors exhibited differing plankton and aggregate communities of actinomycetes. 
The dark band in SRT4-S samples on the bulking day was suspected as the causing 











Figure 5-12  Actinomycetes subgroup community dynamics in reactor A over time 
Lane 1: seed-AS; lane 2: 4-0, lane 3-4: 14SRT for 4AS and 4S; lane5-7: shaded 49SRT-
4AS, 4S, 4R (bulking); lane 8-9: 56SRT-4AS, 4S (t=224 d); lane 10-15: same day 8AS, 
8S (28SRT); 16AS, 16S (14SRT), 32AS, 32S (7SRT); (t=224 d); lane 16: 64SRT-4AS.  
Lane: 1    2    3     4     5    6     7    8     9   10   11   12   13   14  15    16 
Sample: Seed  4-0   4AS 4S    4AS 4S 4R    4AS  4S  8AS 8S 16AS 16S 32AS 32S  4AS            
  Date:   -6 d    0 d      56 d             196 d                224 d                                             256 d 
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5.4.3 Eukaryotic Microbial Community Dynamics 
Eukaryotic community profiles were presented in Figure 5-13 & 5-14. 
Reproducibility was tested with eukaryotic PCR products on DGGE containing 0-80% 
gradient. However, the gradient for these samples were not good enough to have well 
separated banding pattern and most bands seemed to distribute in low gradient part 
indicating the relatively heavier molecular weight of the DNA fragments. DGGEs of 
different gradients such as 0-30%, 10-30%, 10-40% were tested for the samples. But no 
general good gradient for eukaryotic communities were found, and 0%-30% and 10%-
40% were mostly used for the relatively better resolution.  
Less diverse and higher dynamic banding profiles in comparison with Bacterial 
communities were observed. Seed sludge and 0-day sludge showed little difference 
indicating the acclimation did not drastically change the eukarya community. Very faint 
banding patterns of SRT16-S and SRT32-S suggested few eukarya species present in 
planktons possibly accounting for the high eTSS and most eukarya might likely reside in 




























Eukarya profiles of reactor A (SRT4d)-top and B (SRT8d)-bottom.  
Top:  Lane 1-8: SRT4-AS samples at 0, 1.5, 36, 40, 42, 56, 64, 67SRTs.  
Lane 9-15: SRT4-S samples at 5, 36, 40, 42, 56, 64 and 67SRTs.  
Lane 16: SRT4-R at 67SRTs.  
Bottom: Lane 1-7: SRT8-AS samples at 0, 7, 11.25, 21, 28, 32, 33.5SRTs.  
Lane 8-12: SRT8-S samples at 4, 7, 21, 28 and 32SRTs.  
Lane 13-16: SRT8-R at 3, 7, 21, 28SRTs. 
Lane:       1    2    3      4    5     6    7     8    9     10  11  12    13   14   15   16 
Samples:            4-AS                                            4-S                               4-R 
# of SRT: 0  1.5   36  40   42   56  64   67    5    36   40  42   56   64  67   67 
Lane:       1    2    3      4    5     6    7     8    9     10  11  12    13   14   15   16 
Samples:            8-AS                                          8-S                             8-R 
























Figure 5-14 Eukaryotic community dynamics over time (C and D) 
Eukarya profiles of reactor C (SRT16d)-top and D (SRT32d)-bottom.  
Top:  Lane 1-9: SRT16-AS samples at 0, 2, 3, 10, 10.5, 12.5, 14, 16, 16.75SRTs.  
Lane 10-16: SRT16-S at 4, 10, 10.5, 12.5, 13.5, 14, 16SRTs.  
Bottom: Lane 1 and 15: SRT32-0 and seed sludge;  
Lane 2-4, SRT32-AS, S and R at 5.25SRT.  
Lane 5-7: SRT32-AS, S and R at 6.25 SRTs.  
Lane 8-10: SRT32-AS, S and R at 7SRTs.  
Lane 11-13: SRT32-AS, S and R at 8SRTs.  
Lane 14: SRT32-AS at 8.375SRTs. 
Lane:           1    2      3      4    5     6    7     8    9    10   11   12   13   14   15   16 
Samples:               16-AS                                                      16-S                              
# of SRT:     0    2     3    10 10.5 12.5 14 16 16.75  4   10  10.5 12.5 13.5 14  16 
Lane:       1     2     3      4    5     6     7     8    9     10  11   12   13   14   15    
Samples:       AS  S    R    AS   S    R    AS  S    R    AS   S    R     AS   sd                                      




5.5 Microbial Community at Steady State  
5.5.1 Bacterial Community at Steady State 
At the 160 day, which was five times of maximum SRT, i.e. 32 days, the four 
reactors were assumed to reach steady state and since then the communities were subject 
to comparison among four reactors. The one-step PCR of Bacterial community and 
eukaryotic community were compared, as well as the nested PCR of four subgroup 
bacterial communities. Bacterial communities of four SRTs were compared in Figure 5-
15. Microbial communities, of the mixed liquor, the plankton and the aggregate, 
respectively, under different SRTs demonstrated different structures. Cluster analysis 
demonstrated the close relationship between AS and R samples. Biodiversity indices 
converted from the images showed difference among the four reactors at steady state 
(Table 5-3).  
5.5.2 Subgroup Bacterial Community 
Four subgroup bacteria communities of the same day (t=256 d) samples at the 
steady state were compared using nested PCR. The DGGE images were shown in Figure 
5-16 to 5-19 for AOBs, actinomycetes, acidobacteria and alpha-proteobacteria. Again, 
nested PCR seems more sensitive than the general one-step PCR with more clearly 
visible and well separated banding patterns. DNA extract with two different extraction 
protocols, phenol-bead and MoBio kit, generated the same banding profiles on one 
DGGE gel as long as PCR was successful. No significant difference was observed 



































Figure 5-15  Bacterial community at steady state 
Lane 1-4: 4S, 8S, 16S, and 32S; lane 5-8: 4R, 8R, 16R, and 32R; lane 9-12: 4AS, 
8AS, 16AS, and 32AS. (t=224 d) 
   Plankton  (S)             aggregate (R)         mixed liquor (AS) 















Table 5-3 Comparison of diversity indices of Bacterial communities of four SRTs   
(t= 224 d) 
Samples 





















21 0.96 0.78 0.12 2.92 16.37 
SRT8 
25 0.97 0.82 0.09 3.12 20.56 
SRT16 
19 0.95 0.75 0.16 2.81 14.16 
SRT32 





15 0.97 0.85 0.14 2.62 12.68 
SRT8 
15 0.93 0.74 0.14 2.53 11.10 
SRT16 
14 0.94 0.75 0.16 2.49 10.46 
SRT32 





21 0.97 0.82 0.12 2.95 17.24 
SRT8 
18 0.97 0.84 0.12 2.80 15.06 
SRT16 
15 0.92 0.61 0.25 2.49 9.21 
SRT32 
19 0.94 0.70 0.18 2.77 13.25 
 
It was found that reactor B contained two major species of AOBs, with one shared 
with reactor A and the other shared with reactor C. SRT 8-day of reactor B seemed to be 
the transitional SRT in between SRT 4-day and 16-day in terms of nitrification. The band 
shared by reactor B and C appeared to represent the very active alkalinity consumers 
because quick pH drop was observed in both reactors. Four samples at 0-day exhibited 
the same profile for Bacterial or eukaryotic communities, while slightly difference was 
found for four 0-day AOBs. Unlike previous results, AS and R were not observed to be 
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clustered together and the plankton and aggregate communities of each reactor were 
found little difference from the DGGE patterns.  
Opposite to the above observations for AOB, actinomycetes communities showed 
considerable difference between plankton and aggregate and similarity between AS and 
R samples. As SRT increased, more species of actinomycetes were present in the samples 
of reactor C and D. Interestingly, S samples of actinomycetes from reactor A, C and D 
were different with their corresponding AS and R samples as new bands shown up in S. 
In contrast to original seed sludge, less diversity were seen for actinomycetes during the 
operation period as only a number of dominant species. In contrary, more diverse 
communities evolved for acidobacteria and alpha-proteobacteria from the original seed. 
Both groups demonstrated highly diverging band patterns at the end of the operational 
period from the initial day. No obvious similarity was found between plankton and 
aggregate of the same SRT samples, but planktons showed conspicuous dark band than 
the mixed liquor or aggregate counterparts.  
Biodiversity indices were obtained from the DGGE patterns to for later statistic 
analysis purpose (Table 5-4 to Table 5-7). However, no obvious trend was found from the 
statistic analysis. Additionally, the diversity of specific subgroup bacteria did not follow a 
similar trend as the Bacteria in relation with SRT, suggesting the different influence that 








































Figure 5-16  Comparison of ammonium oxidizers and cluster dendrogram 
Lane 1 and 16: seed sludge (sd); lane 2 and 15: SRT4-0 and SRT16-0; lane 3-5: 
SRT4-AS, S and R; lane 6-8: SRT8-AS, S, R; lane 9-11: SRT16-AS, S, R; lane 12-

















Lane:         1    2     3    4    5     6    7    8     9   10   11  12  13   14  15  16 
Reactor:                   SRT4           SRT8          SRT16       SRT32      




Table 5-4        Comparison of diversity indices of AOB of four SRTs   (t=256 d) 
Samples 






















SRT4 8 0.9 0.8 0.3 1.9 6.1 
SRT8 5 0.8 0.6 0.4 1.3 3.2 
SRT16 4 0.9 0.7 0.5 1.2 3.0 




SRT4 8 0.9 0.7 0.3 1.9 5.7 
SRT8 4 0.9 0.7 0.4 1.2 2.9 
SRT16 5 0.8 0.5 0.6 1.2 2.7 




SRT4 7 0.9 0.8 0.3 1.8 5.4 
SRT8 5 0.9 0.7 0.4 1.4 3.4 
SRT16 4 0.9 0.8 0.4 1.2 3.1 










































Figure 5-17  Comparison of Actinomycetes and cluster dendrogram 
Lane 1, 2, 15 and 16: 0-day samples of SRT 4, 8, 16 and 32days; lane 3-5: SRT4-AS, S, 
and R; lane 6-8: SRT8-AS, S, and R; lane 9-11: SRT16-AS, S, and R; lane 12-14: 

















Lane:         1    2    3    4    5    6    7    8    9   10  11  12  13  14  15  16 
Reactor:                   SRT4          SRT8        SRT16       SRT32     
Sample:  4-0  8-0 AS   S   R   AS   S   R  AS  S    R  AS   S   R  16-0 32-0 
 
84 
Table 5-5      Comparison of diversity indices of Actinomycetes of four SRTs (t=256 d)  
Samples 





















SRT4 5 0.9 0.7 0.4 1.4 3.6 
SRT8 6 0.9 0.7 0.4 1.6 4.5 
SRT16 8 0.9 0.8 0.2 2.0 6.4 




SRT4 6 0.9 0.8 0.3 1.7 4.9 
SRT8 6 0.9 0.7 0.4 1.5 4.0 
SRT16 9 0.9 0.6 0.3 1.9 5.8 




SRT4 4 0.9 0.8 0.4 1.3 3.2 
SRT8 5 0.9 0.7 0.4 1.4 3.7 
SRT16 9 0.9 0.7 0.3 2.0 6.5 










































Figure 5-18  Comparison of Acidobacteria and cluster dendrogram 
Lane 1, 2, 15 and 16: 0-day samples of SRT 4, 8, 16 and 32days; lane 3-5: SRT4-AS, S, 
R; lane 6-8: SRT8-AS, S, and R; lane 9-11: SRT16-AS, S, and R; lane 12-14: SRT32-

















Lane:         1    2    3    4    5    6    7    8    9   10  11  12  13  14  15  16 
Reactor:                   SRT4          SRT8        SRT16       SRT32     
Sample:  4-0  8-0 AS  S   R   AS  S   R   AS  S    R  AS   S   R  16-0 32-0 
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Table 5-6 Comparison of diversity indices of Acidobacteria of four SRTs (t=256 d) 
Samples 






















SRT4 11 0.9 0.8 0.2 2.2 8.4 
SRT8 9 1.0 0.9 0.2 2.1 7.8 
SRT16 10 1.0 0.8 0.2 2.2 8.3 




SRT4 6 0.9 0.7 0.4 1.6 4.4 
SRT8 7 1.0 0.9 0.2 1.9 6.6 
SRT16 9 0.9 0.8 0.2 2.1 7.2 




SRT4 8 0.9 0.8 0.3 2.0 6.3 
SRT8 6 0.9 0.7 0.4 1.6 4.2 
SRT16 8 1.0 0.9 0.2 2.0 7.2 










































Figure 5-19  Comparison of α-proteobacteria and cluster dendrogram 
Lane 1 and 16: seed; lane 2 and 15: 0-day samples of SRT 32 and 4days; lane 3-6: 
32-R, 16-R, 8-R and 4-R; lane 7-10: 32-S, 16-S, 8-S and 4-S; lane 11-14: 32-AS, 
16-AS, 8-AS, and 4-AS.  




















Table 5-7 Comparison of diversity indices of α-proteobacteria of four SRTs (t=256 d) 
Samples 






















SRT4 16 1.0 0.8 0.1 2.7 13.2 
SRT8 16 0.9 0.7 0.1 2.6 11.4 
SRT16 13 1.0 0.8 0.2 2.5 10.4 




SRT4 8 1.0 0.9 0.2 2.1 7.6 
SRT8 11 0.9 0.8 0.2 2.2 8.4 
SRT16 12 1.0 0.8 0.2 2.4 9.9 




SRT4 10 0.9 0.7 0.3 2.1 6.5 
SRT8 9 0.9 0.7 0.3 2.0 6.4 
SRT16 12 0.9 0.6 0.3 2.3 7.1 
SRT32 12 1.0 0.8 0.2 2.4 9.5 
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5.5.3 Eukaryotic Community at Steady State 
Previous results showed dynamic eukaryotic community for the operational 
course; therefore, strictly, no steady state was reached for eukarya even after 160 days. 
Here eukarya communities were evaluated for the day during the assumed steady state 
and the reproducibility of the DGGE were shown in Figure 5-20 and 5-21. Obviously, the 
eukaryote communities had much less diversity indicated by a few numbers of bands than 
Bacteria communities. Generally, the banding patterns were simple with only one or two 
dominant species. The seed samples showed only one single band, suggesting the 
transportation course might impact the eukaryote because they are thought to be very 
sensitive to environmental changes such as oxygen level. After acclimation, the major 
species did not change but a few more species evolved. The four samples at 0-day 
demonstrated the same simple pattern, reproducible in two pictures. At the end of the 
succession, the same origins diverged into greatly different eukaryote communities. 
Reactor A and B possessed rather similar communities, while C and D had apparently 
similar communities. These two categories had completely different dominant species. In 
each reactor, eukaryotes were found in both planktonic and aggregate communities. 
Longest SRT appeared to be lack of dominant and diverse eukaryote in planktonic part 
seen from the very faint bands. It was noticeable in Table 5-8 that high dominance 
indices shown in the planktonic communities, and high evenness in the aggregate 
communities. Particularly, highest H and 1/D was found in SRT16 aggregate community. 
From 4 to 16 days, H and 1/D increased with SRT. But exception was found for longest 




































Figure 5-20  Reproducibility and comparison of eukaryotic communities 
Top: lane 1 and 10: seed R and AS; lane 2-5: SRT32-AS, SRT16-AS, SRT8-AS, and 
SRT4-AS at the end of the operations (t=268 d); lane 6-9: 0-day samples of SRT 32, 
16, 8 and 4days (t=0 d).  
Bottom: lane 1-4: 0-day samples of SRT4, 8, 16, and 32 days; lane 5-7: SRT4-AS, S, 
and R; lane 8-10: SRT8-AS, S, and R; lane 11-13: SRT16-AS, S, and R; lane 14-16: 
SRT32-AS, S, and R. (t= 268 d). 
Lane:         1         2          3          4         5          6         7          8          9        10  
Sample: seed       mixed liquor (AS) at t=268 d        at t=0 d                       seed 
Reactor:          SRT32,    16,      8,        4        32-0    16-0     8-0      4-0               
Lane:    1     2     3     4     5     6    7    8     9    10   11   12   13   14   15   16 
Reactor:                               SRT4            SRT8         SRT16         SRT32 










































Figure 5-21  Comparison of eukaryotic communities and cluster dendrogram 
Lane 1, 16: seed sludge; lane 2-3: SRT4-AS, S at bulking (t=196 d); lane4-6: SRT4-
AS, S and R; lane 7-9: SRT8-AS, S and R; lane 10-12: SRT16-AS, S and R; lane 13-

















Lane:        1     2     3     4     5      6     7    8     9    10   11    12   13   14   15   16 
Reactor:      SRT4-bulking   SRT4        SRT8          SRT16         SRT32         
Sample: sd    AS    S   AS    S     R   AS    S     R   AS  S     R   AS   S     R   sd 
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Table 5-8   Comparison of diversity indices of eukaryotic communities of four SRTs 
(t=256 d) 
Samples 




















SRT4 7 0.9 0.8 0.3 1.8 5.4 
SRT8 10 1.0 0.8 0.2 2.2 8.1 
SRT16 7 0.9 0.7 0.3 1.8 5.1 




SRT4 9 0.9 0.8 0.2 2.1 7.0 
SRT8 7 0.9 0.8 0.3 1.8 5.7 
SRT16 9 0.9 0.8 0.3 2.1 6.9 




SRT4 9 1.0 0.8 0.2 2.1 7.3 
SRT8 10 1.0 0.8 0.2 2.2 8.2 
SRT16 13 1.0 0.9 0.1 2.5 11.1 
SRT32 6 1.0 0.9 0.3 1.7 5.1 
 
 
5.6 Microscopic observation 
Regularly microscopic observations of the mixed liquor of the four reactors were 
performed and the results were summarized in Table 5-9. The most commonly observed 
microorganisms in four reactors were filaments, ciliates, rotifers, all of which showed 
high dynamics. Reactor C showed a diverse eukaryotic community, which was in 
agreement with the relative high biodiversity of eukaryotic community in floc through 
PCR-DGGE.   
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Table 5-9 Summaries of microscopic observations of mixed liquor from four   
reactors  












7/6/2006 15 A, B, C, D A, B, C, D A, B, C, D A, B, C, D   
7/8/2006 17 A+     A 
7/11/2006 20 A C A, B, C, D A, B, D  A, B, D 
7/13/2006 22 A, B, C, D C A, C, D C  A, B, C 
7/16/2006 25 A, B, C, D A,D A,D   A, C, D 
7/23/2006 32 B+,C,D B,C,D B, C B,D  B, C, D 
7/29/2006 38 B+,C D C D A BD D  
A  B 
CD 
8/15/2006 55 B+CD A A BCD CD   
8/27/2006 67 BD C ABD BC C AB 
9/3/2006 74 B++C+D C++ B ACD C C 
9/13/2007 84 BC AC B CD C  
9/16/2006 87 BD A C ABCD C CB 
9/20/2006 91 BCD A C ABCD C C 
10/5/2006 106 
AB+++ 
D++ B++C+++  C   
10/8/2006 109 B++C D  ACD A  
10/28/2006 129 C AB  ACD   
11/5/2006 127 A B+C+D  B CD A  
11/19/2006 151 ABD D ABD C   
11/28/2006 160 A++B+D+ ABCD  C   
12/7/2006 169 A+++B++ BC  D  C 
12/19/2006 181 A+++D++ ABC A D A  
12/28/2006 190 A++BCD AC ABCD D A BC 
1/2/2007 195 A+++B CD ABCD CD A AC 
1/14/2007 207 A+++B D ABCD CD A BC 
2/1/2007 225 A++B++D AC ABCD BCD A CD 
2/13/2007 237 ABD B AB D  C 
3/16/2007 268 ABC ABCD C AD     
frequency in A 17 12 14 8 7 7 
frequency in B 23 9 15 7 0 8 
frequency in C 14 16 12 17 5 13 
frequency in D 18 10 12 20 0 5 
Note: + means the abundance of the present microorganism in the labeled reactor. 




5.7 EPS in the Four Lab-Scale Reactors 
Results of EPS extractions were shown in Table 5-10; they were conducted at the 
steady state (t=244 d) with duplicates. The quantity of each component was the 
equivalent of the standard used in the measurements. Not very high outputs from the 
extraction were possibly due to the conservatively selected extraction time to avoid cell 
lyses. Reactor C was found to have highest amount of each component in EPS except 
carbohydrate and highest TOC and TN. Humic acid was shown as the highest component 
in EPS in each reactor compared with the rest three components as protein, carbohydrate, 
and DNA. This was not in agreement with most of the literatures where humic matter 
normally accounts for a small amount (52). It seemed that high amount of humic acid and 
protein might be associated with the best settling performance of reactor C.  
Further investigation of the response factors of the humic acid and protein with 
the same standard concentrations were performed. It was clearly shown that humic acid 
had higher response factor than protein, about 2.6 times as the protein, both measured 
with Lowry method (Appendix Figure D-3). 
Table 5-10 EPS components from four reactors (t=244 d) 
(mg/gVS) A (SRT4) B(SRT8) C(SRT16) D(SRT32) 
protein 2.00±0.06  3.66±0.18 5.48±0.80 4.01±1.83 
humic acid 4.54±0.08 14.72±0.07 31.99±5.37 23.57±0.84 
carbohydrate 0.88±0.07 2.00±0.09 2.47±0.59 3.26±0.37 
DNA  1.13±0.3 3.74±0.2 4.83±1.3 3.72±0.9 
TOC (mg/L) 32 ± 10 60 ± 8 82 ± 10 72 ± 12 




RESULTS FOR SURVEY OF MICROBIAL COMMUNITIES IN 
THREE WWTPS 
6.1 Bacterial Community 
6.1.1 Overall Bacterial Community 
Bacterial communities were compared within each of the three WWTPs rather 
than comparison across the different WWTPs. DGGE pictures are shown in Figure 6-1, 
together with the dendrogram obtained from the similarity analysis of the image. All PCR 
products were subject to verification on 2% agarose gel to have the correct size of DNA 
amplicons before being loaded on DGGE gel. To optimize the image quality for further 
image analysis, PCR were repeated with adjusted template amount and different DGGE 
gradients. Some abbreviations used in labeling on the DGGE pictures and tables due to 
the space limit and for convenience are as follows: 
 


























Anderson AS D S R C 
Clemson AS D S R C 




















Figure 6-1 Comparison of activated sludge samples from 3-WWTPs on DGGE gel 
(15%-75% gradient, ethidium bromide stained) with UPGMA cluster 
dendrogram 
Lane 1-5: AS, D, S, R, C samples from Plant A; Lane 6-10: AS, D, S, R, C 
samples from Plant P; Lane 11-15: AS, D, S, R, C samples from Plant C. Left picture is 
the darkened Plant A-set samples. 
Anderson 
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     Plant Anderson    Plant Pendleton   Plant Clemson 


















Reproducibility was confirmed using two additional PCR-DGGE on the same 
DNA samples performed over several months (Appendix Figure F-1). Darker bands 
obviously have better reproducibility for visible identification, such as the upper band of 
Clemson-S and Clemson-C. The absence and presence of a dark band at the upper most 
position of the same sample, Clemson-R, might implicate PCR bias. Therefore, only the 
band concentrated area was selected for band analysis to avoid bias, such as primer 
dimmer. The comparison was made mainly for the samples within one plant rather than 
across the three WWTPs. 
A high similarity among five samples from one plant and a high intensity of 
Plant-Clemson samples were observed. Diverse bands of each sample demonstrated the 
richness of Bacterial community in the plant. The banding patterns demonstrated high 
similarity among five samples from one plant, suggesting the same source derived. 
However, the conspicuous differences in band intensities, indicating the dominant species, 
existed among samples. In particular, the supernatant (S) and clarifier effluent (C) 
samples from Plant-Clemson both had a hallmark dark band, suggesting the dominant 
species in the planktonic communities. This result is in agreement with the previous lab-
scale reactor samples, which showed high similarity and appreciable dominant bands in 
supernatant communities. Except similarity of C and S, it was also found the similarity 
between AS and R. Lower intensity of banding patterns of Plant-Pendleton samples 
probably originated from the less output of the DNA extraction.   
Dendrogram showed that the Plant-Pendleton and Plant-Clemson had their five 
samples closely clustered together except Plant-Anderson samples. Plant-Anderson 
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samples were of lowest band intensities, and separated as two clusters, AS and D being 
together, while C, S, and R being together. It appeared that aggregate communities were 
closer to the mixed liquor communities than the planktonic communities, while two 
planktonic communities clustered with each other as expected. Diversity analysis using 
indices based on Figure 6-1 are provided in Appendix Table G-1. 
A similarity matrix for five samples from each plant is shown in Table 6-1. 
Within one plant, five samples had high similarity (>50%) for Plant-Pendleton. Samples 
of AS, D and R were highly similar (>60%) for Plant-Pendleton and Plant-Clemson, 
while were least similar for Plant-Anderson. The two planktonic samples, S and C, had 
similarity within 43% (Plant-Clemson) -73% (Plant-Pendleton). Between floc and 
planktonic communities (D vs. S and R vs. C) for each plant high similarity were found as 
well, ranging from 42% (Clemson) up to 73% (Anderson).  
6.1.2 Subgroup Bacterial community 
Further, six groups of bacteria, known to be most commonly present in the 
activated sludge as well as in soil and aqueous environment, were selected for nested 
PCR coupled DGGE (6). Test of interference between template 1 (T1) and template 2 (T2) 
for nested PCR were carried out to investigate the impact of non-specific DNA template. 
Two samples, Pendleton-AS and Clemson-AS, were randomly selected for the test 
(shown in Appendix Figure F-2).  
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Table 6-2 Similarity matrix of Bacteria community of three WWTPs  
Plant Anderson 
Anderson 
Lane AS D S R A-C 
AS 100     
D 38 100    
S 31 50 100   
R 29 59 62 100  
C 42 47 69 73 100 
Plant Pendleton 
Pendleton 
Lane AS D S R C 
AS 100     
D 92 100    
S 66 63 100   
R 79 73 61 100  
C 56 56 73 60 100 
Plant Clemson 
Clemson 
Lane AS D S R C 
AS 100     
D 66 100    
S 32 42 100   
R 62 83 45 100  
C 35 35 43 43 100 
Note:  
1. Shaded values are similarity percentages of the two plankton samples and two 
aggregate samples.  
2. Bold Italic numbers are the similarity percentages of the replicates of the plankton and 
the aggregate, respectively, which were separated by settling in the full-scale plants (C 
and R) and in laboratory (S and D).  




The reproducibility was in agreement with Boon et al. (2002) (6), in which they 
concluded that second round PCR, compared to one-step PCR using GC-clamp specific 
primers, did not drastically change the number nor the intensities of DGGE bands. 
Therefore, the nested PCR-DGGE approach was feasible for the samples used in this 
study. 
The six subgroups of bacteria, including actinomycetes (F243), ammonium 
oxidizers (CTO), acidobacteria (31F), type I and II methanotrophs (MB10γ, MB9α) and 
α-Proteobacteria (F203) were investigated through nested PCR, and the results are shown 
in Figures 6-2 to 6-7. Again, five samples within each plant demonstrated appreciable 
similarity, with only slight differences in band intensity, and all five samples from one 
plant were clustered together. Plant-Pendleton and Plant-Clemson were more alike as 
shown from the dendrograms. Boon et al. (2002) found that among the six subgroup 
bacteria, acidobacteria contained relatively higher numbers of bands, indicating that this 
group was more highly diverse than the rest of groups. In this study, acidobacteria 
(Figure 6-3) was not the only relatively diverse group; actinomycetes were also found 
fairly diverse as seen in Figure 6-2. This group was evenly distributed in all the three 
communities, the mixed liquor, the aggregate and the plankton. The dendrogram of 
actinomycetes did not show that C and S, R, D and AS clustering together, opposite to 
what was seen in universal Bacterial communities or in ammonia oxidizing bacteria 
(AOB) communities. It appeared that almost all the major bands were shared among the 
three sample resources in acidobacterium communities. In Figure 6-4, the lower richness, 
i.e., a limited number of bands and high similarity in AOB groups were in agreement 
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with other research results (6, 51, 106). Simple dominant species indicated by one or two 
darker bands was found for AOB. In Figure 6-5 and 6-6 of two methonotrophic groups, 
Plant-Pendleton samples were found to have uniformly distributed for a few species. 
Samples of Plant-Anderson and Plant-Clemson were found to have a high numbers of 
bands in all the AS, R, S, and C. 
From Table 6-3 to 6-8, similarity across the samples within one plant was 
compared. For actinomycetes, five samples of one plant were highly similar (>50%) 
especially for Plant-Pendleton (>86%). Two planktonic samples, S and C, were highly 
similar (>50%) especially for Plant-Pendleton (90%). For acidobacteria, five samples of 
one plant were highly similar (46%-86%), with D and R samples having higher similarity 
to AS (>70%) than planktons. Two planktonic samples, S and C, were highly similar 
(66%-87%). AOBs, with relatively simple patterns, showed highest similarity within one 
plant (>70%). Two planktonic samples, S and C, were also highly similar (>83%). Two 
types of methanotrophs were different in similarity. Type I had less similarity within one 
plant (13%-77%), especially for Plant-Anderson (<40%), while two planktonic samples, 
S and C, had higher similarity (46%-60%) than each with AS samples. Type II showed 
higher similarity than type I for both AS samples (>55%) and two planktonic samples 
(72%-92%) within one plant. Alpha-proteobacteria, showed less similarity among five 
samples within one plant (e.g. 18%-20%) except between D and AS for Plant-Anderson 
(71%) and Plant-Pendleton (91%). Two planktonic samples of one plant, S and C, were 
highly similar for Plant-Clemson (52%) and Plant-Pendleton (70%), but only 20% for 
Plant-Anderson. Between floc and planktonic communities (D vs. S and R vs. C) for each 
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plant high similarity were found as well, ranging from 14% (α-proteobacteria of Plant-
Anderson) up to 93% (actinomycetes of Plant-Pendleton), with most around and more 
than 50%.  
6.2 Eukaryotic Community 
Eukaryotic communities were compared as presented in Figure 6-8. PCR of 
eukarya showed quite reproducible DGGE patterns except for the slight difference in 
band intensities (Appendix Figure F-3). In contrast to the Bacterial community, 
eukaryotic communities demonstrated less complexity with less numbers of bands. The 
communities across the three WWTPs showed different dominant species, and shared 
few eukaryotic species. Five samples within one plant showed varying band intensities, 
and the relatively high similarity between S and C or D and R were found. Interestingly, 
sample C of planktonic community was found a dominate dark band, which was shared 
by the rest four samples from one plant; while S samples, which were expected to be very 
similar to C, had another dark band standing out besides the one band shared with C. This 
indicated somewhat variation between C and S, representing the eukaryotic constitutions 
of the clarifier samples and the supernatant from mixed liquor samples. 
Similar to Bacteria community, 44% (Anderson) to 68% (Clemson) similarity 
was found for eukaryotic communities in plankton and floc of each plant (Table 6-9). The 
five samples within one plant were all clustered together as shown in the dendrogram. 
Additionally, from Appendix Figure F-3, the floating sludge after quiescent settling 
appeared to be the same with the settled sludge rather than the planktons, indicating the 










































Figure 6-2 Actinomycetes profile of 3-WWTPs and cluster dendrogram 
    Plant Anderson               Plant Clemson         Plant Pendleton 


















Table 6-3 Similarity matrix of Actinomycetes community of three WWTPs  
Plant Anderson 
Anderson 
Lane AS D R C S 
AS 100     
D 58 100    
R 70 68 100   
C 55 58 52 100  
S 51 44 40 61 100 
Plant Pendleton 
Pendleton 
Lane AS D R C S 
AS 100     
D 86 100    
R 92 85 100   
C 88 84 93 100  
S 89 80 92 90 100 
Plant Clemson 
Clemson 
Lane AS D R  C S 
AS 100     
D 53 100    
R  52 55 100   
C 69 57 54 100  
S 57 65 52 50 100 
Note:  
1. Shaded values are similarity percentages of the two plankton samples and two 
aggregate samples.  
2. Bold Italic numbers are the similarity percentages of the replicates of the plankton and 
the aggregate, respectively, which were separated by settling in the full-scale plants (C 






Figure 6-3 Acidobacteria profile of 3-WWTPs and cluster dendrogram 
         Plant Clemson               Plant Anderson           Plant Pendleton 




















Table 6-4 Similarity matrix of Acidobacteria community of three WWTPs  
Plant Anderson 
Anderson 
Lane AS D R S C 
AS 100     
D 77 100    
R 78 67 100   
S 46 42 54 100  
C 54 51 64 66 100 
Plant Pendleton 
Pendleton 
Lane AS D R S C 
AS 100     
D 86 100    
R 73 74 100   
S 64 66 89 100  
C 57 60 84 87 100 
Plant Clemson 
Clemson 
Lane AS D R S C 
AS 100     
D 82 100    
R  73 76 100   
S 67 64 71 100  
C 58 58 72 80 100 
Note:  
1. Shaded values are similarity percentages of the two plankton samples and two 
aggregate samples.  
2. Bold Italic numbers are the similarity percentages of the replicates of the plankton and 
the aggregate, respectively, which were separated by settling in the full-scale plants (C 


























Figure 6-4 Ammonium oxidizers (AOB) profile of 3-WWTPs and cluster dendrogram 
        Plant Clemson      Plant Anderson    Plant Pendleton 























Lane A-D A-C A-S A-R A-AS 
A-D 100     
A-C 81 100    
A-S 86 89 100   
A-R 86 76 82 100  
A-AS 90 82 88 94 100 
Plant Pendleton 
Pendleton 
Lane P-D P-C P-S P-R P-AS 
P-D 100     
P-C 83 100    
P-S 77 83 100   
P-R 80 76 86 100  
P-AS 86 71 75 84 100 
Plant Clemson 
Clemson 
Lane C-D C-C C-S C-R C-AS 
C-D 100     
C-C 87 100    
C-S 78 84 100   
C-R 77 84 93 100  
C-AS 72 70 78 82 100 
Note:  
1. Shaded values are similarity percentages of the two plankton samples and two 
aggregate samples.  
2. Bold Italic numbers are the similarity percentages of the replicates of the plankton and 
the aggregate, respectively, which were separated by settling in the full-scale plants (C 









































Figure 6-5 Type-I methanotrophs profile of 3-WWTPs and cluster dendrogram 
Anderson-D in lane 3 was of bad quality and it was repeated as shown in the very left. 















A-D        Plant Anderson   Plant Pendleton  Plant Clemson 
              AS  R  D   S   C  AS  R  D   S  C  AS  R  D   S  C 
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Table 6-6 Similarity matrix of Type-I methanotroph community of three WWTPs  
Plant Anderson 
Anderson 
Lane AS R D S C 
AS 100     
R 38 100    
D 33 77 100   
S 30 72 72 100  
C 13 41 49 60 100 
Plant Pendleton 
Pendleton 
Lane AS R D S C 
AS 100     
R 77 100    
D 36 29 100   
S 56 60 34 100  
C 37 36 33 46 100 
Plant Clemson 
Clemson 
Lane AS R D S C 
AS 100     
R 60 100    
D 47 60 100   
S 54 48 43 100  
C 47 39 24 53 100 
Note:  
1. Shaded values are similarity percentages of the two plankton samples and two 
aggregate samples.  
2. Bold Italic numbers are the similarity percentages of the replicates of the plankton and 
the aggregate, respectively, which were separated by settling in the full-scale plants (C 
and R) and in laboratory (S and D).  
3. Shaded Italic numbers are from sample A-D, which was in bad quality to make reliable 




























































     Plant Pendleton          Plant Clemson              Plant Anderson 
 AS   R     D    C    S    AS   R     D    C    S    AS    R     D    C    S 
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Table 6-7 Similarity matrix of Type II methanotroph community of three WWTPs  
Plant Anderson 
Anderson 
Lane AS R D C S 
AS 100     
R 77 100    
D 58 54 100   
C 62 66 70 100  
S 59 66 71 83 100 
Plant Pendleton 
Pendleton 
Lane AS R D C S 
AS 100     
R 88 100    
D 75 83 100   
C 75 70 78 100  
S 80 72 79 92 100 
Plant Clemson 
Clemson 
Lane AS R D C S 
AS 100     
R 77 100    
D 66 70 100   
C 73 60 59 100  
S 63 57 66 72 100 
Note:  
1. Shaded values are similarity percentages of the two plankton samples and two 
aggregate samples.  
2. Bold Italic numbers are the similarity percentages of the replicates of the plankton and 
the aggregate, respectively, which were separated by settling in the full-scale plants (C 























































    Plant Clemson              Plant Anderson              Plant Pendleton 
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Table 6-8 Similarity matrix of α-Proteobacteria community of three WWTPs  
Plant Anderson 
Anderson 
Lane S C AS D R 
S 100     
C 20 100    
AS 35 15 100   
D 25 10 71 100  
R 77 14 24 24 100 
Plant Pendleton 
Pendleton 
Lane S C AS D R 
S 100     
C 70 100    
AS 23 29 100   
D 18 28 91 100  
R 58 60 23 20 100 
Plant Clemson 
Clemson 
Lane S C AS D R 
S 100     
C 52 100    
AS 58 26 100   
D 53 47 26 100  
R - - - - 100 
Note:  
1. Shaded values are similarity percentages of the two plankton samples and two 
aggregate samples.  
2. Bold Italic numbers are the similarity percentages of the replicates of the plankton and 
the aggregate, respectively, which were separated by settling in the full-scale plants (C 
and R) and in laboratory (S and D).  


























































  Plant Pendleton             Plant Anderson       Plant Clemson 
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Table 6-9 Similarity matrix of Eukaryotic community of three WWTPs  
Plant Anderson 
Anderson 
Lane AS S C D R 
AS 100     
S 38 100    
C 29 65 100   
D 74 44 34 100  
R 42 43 62 50 100 
Plant Pendleton 
Pendleton 
Lane AS S C D R 
AS 100     
S 62 100    
C 62 72 100   
D 85 64 69 100  
R 58 38 54 71 100 
Plant Clemson 
Clemson 
Lane AS S C D R 
AS 100 51 44 59 64 
S 51 100 61 68 38 
C 44 61 100 39 48 
D 59 68 39 100 55 
R 64 38 48 55 100 
Note:  
1. Shaded values are similarity percentages of the two plankton samples and two 
aggregate samples.  
2. Bold Italic numbers are the similarity percentages of the replicates of the plankton and 
the aggregate, respectively, which were separated by settling in the full-scale plants (C 






7.1 Structure Stability vs. Functional Stability 
Structure and function relationships are of key interest in the process study. 
Functional stability is always desired for an engineered system as the activated sludge, 
whereas the stable functions may be achieved by either a stable or a dynamic structure.  
In the activated sludge processes, it is impossible to characterize microbial 
structure in the consortium by identification of every species present. Thus, the concept 
of community diversity was introduced to characterize the structure. Community 
diversity is an important concept in ecology, and its quantification is fundamental for 
analyzing phenomena such as succession, colonization, or response to disturbances (21). 
Because it is difficult to directly determine the number and relative abundances of species 
of microbes in complex systems such as the activated sludge, the indirect approaches 
from the heterogeneity of total community DNA or protein are pretty useful. These 
approaches include the genetic fingerprint techniques such as T-RFLP (83), 
TGGE/DGGE (6, 16, 21), and SDS-PAGE (Sodium dodecyl sulphate polyacrylamide gel 
Electrophoresis) for protein fingerprinting (20, 21).  
The Shannon index of diversity (H or H′) and Simpson’s reciprocal index (1/D) 
have been widely used in macro-ecology to quantify biodiversity, and recently was 
introduced to microbial communities (21, 83). In this study, the two indices of diversity 
were applied to ribosomal sequences amplified directly from community DNA and 
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separated on a DGGE according to sequence heterogeneity. Using both the number and 
relative intensities of rDNA bands on a DGGE gel, indices such as H and 1/D was 
calculated. It was found that H and 1/D was positively correlated in this study, and the 
variation magnitude of 1/D was larger than H for the lab-scale reactor samples in this 
study, therefore, 1/D was used to evaluate the relationship of microbial diversity and 
settling ability. 
These indices reflect the diversity of abundant ribosomal gene sequence types and 
their distribution evenness within the community without the bias introduced from 
cultivation, the conventional method to study microbial communities. However, bias 
from DNA extraction, PCR and DGGE may exist, therefore cautions should be used in 
interpreting the results (6). For example, the Shannon diversity index is limited to 
differentiate communities. As stated by Gafan et al. (2005) (29) in Figure 7-1, the two 
clearly different patterns have the same diversity indices obtained from migration 
distances and relative intensities of the bands contained in the samples. These indices 
were used as indicative descriptions of diversity of the communities, but they may not 
contain comprehensive information of the communities. Other approaches for image 
analysis may be needed to supplement the information gained from DGGE.  
To compare different samples on DGGE banding patterns, the commonly used 
methods include visual observation and diversity index calculation, as well as statistical 
methods such as clustering and dimensioning techniques. These statistical methods are 
often completed with the assistance of statistic software (6) and some analysis methods 
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Figure 7-1 Diagram shows two different DGGE banding profiles with the same 




Microbial diversity of activated sludge samples collected from different WWTPs 
were also compared using molecular tools (6, 16). Though it was not possible to find the 
reason for the difference in microbial diversity, Curtis and Craine (1998) concluded that 
overall comparison by similarity analysis was feasible. In 3-WWTP survey of this study, 
similarly analysis derived from DGGE profiles was applied to compare the floc and 
planktonic communities and the similarity values were in good agreement with visual 
observations of DGGE images. In lab-scale reactor part of this study, similarity based on 
the same original samples was used to monitor the dynamics of microbial communities. 
Biodiversity indices converted from DGGE profiles were also used for the comparison of 
four reactors of different SRT at steady state.  
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In this study, after 5SRT, the Bacteria communities in four reactors (Figure 5-6 to 
5-9) reached a relatively stable state based on similarity analysis to the same origin (0-
day samples). As shown in Table 7-1, from the regression analysis for the similarity 
percentage at and after 5SRT, the four reactors have a small slope which was 
insignificant (p value >0.025), indicating the slope of similarity over SRT is likely to be 0 
and the relative stable state was achieved. The regression analysis is to support the visual 
observations of the similarity trend. However, it is more qualitative evaluation because of 
the limitation of sample numbers for such a regression analysis.  
 
Table 7-1 Regression analysis of the similarity (%) ≥ 5SRT (95% confidence level) 
Reactor Slope (%) 
Interception 
(%) 




A (SRT4) 0.306 44.5 0.04 12 
B (SRT8) 0.11 42.7 0.78 10 
C (SRT16) 1.18 24.35 0.10 9 
D (SRT32) -7.90 94.25 0.21 5 
 
In contrast, eukaryotic communities from both DGGE profiles and microscopic 
observations were found to be more dynamic than Bacterial communities in this study. 
Dynamic communities were also observed in other studies using lab-scaled reactors (25, 
45). According to Curtis et al., (2003) (17), full-scale processes may exhibit greater 
stability than a smaller scaled lab reactors. Lab-scale reactors inoculated with samples 
from real sewage plants, on the other hand, are more easily controllable so as to be 
commonly applied in the experiments. It was believed that dynamic behavior in complex 
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microbial communities is normal and inherent, because even identical operated replicate 
reactors demonstrated different community structures on DGGE (45). Indeed, for each 
reactor, quite stable patterns were obtained after long term operation (44).  
From a practical perspective, dynamic microbial communities can be expected in 
response to any variations in a biological system. Even in a stable system, identical 
conditions were identified from a macroscopic perspective, while in terms of bacteria 
microcolony niches, significant variations may exist in the view of a microorganism. The 
self-regulating strategies of microorganisms for survival in a specific niche may be the 
root cause for the dynamic microbial community structures. Innumerable species are 
present in a complex system like the activated sludge. Considering life cycles and 
evolutions involved for these creatures and their interactions with the environment, with 
each other, and with other forms of life, it is not surprising that this dynamism exists. 
Once the microbial communities were able to adapt to the macroscopic stable niche, 
steady state structures, as revealed by DGGE or some other approach, could possibly be 
expected. But cells are not inert colloids; metabolic activities and ecological evolutions 
are likely to be normal process. As stated by Curtis et al. (2003) (17), a real steady state 
may never exist in the microbial world. 
With respect to the functional stability, the treatment performance as measured by 
sCOD removal rate was achieved the stability during the entire operational period for all 
four reactors. Dynamic or steady state microbial structures demonstrated no differences. 
In other words, regardless the different species present in the system, or how they were 
changing in the system, the bioconversions were similar in the selected SRT range, 4 to 
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32 day. In contrast, bioflocculation and settling functions as quantified by eTSS/MLSS 
and SVI were varying with the microbial structures in the four reactors. Apparently, 
longer SRTs exhibited more stable settling abilities than shorter SRTs in this study.  
Dynamic data of SVI, eTSS, and biodiversity indices were subject to analysis 
attempting to find the possible correlations among them. However, no any clear trend or 
correlation between SVI (or eTSS) and biodiversity indices of either mixed liquor or 
supernatant, or aggregate were found. Another study using group-specific probes also 
failed to establish the correlation between microbial composition and settling properties 
(98). According to Schimel (1995) (87), the sCOD removal is a broad process where 
many bacteria get involved, and nitrification process is a narrow process only specific 
groups of bacteria are capable to participate. This can be used to explain the results in this 
study: The similar level of sCOD removal was achieved by all four reactors under 
dynamic or steady state; stable nitrification is achieved by a relative stable AOB groups 
after they evolved in the systems. Still, the non-classified aggregation function varied 
with either dynamic or stable Bacteria communities. Aggregation process may involve 
both bacteria and eukarya and the ecological interactions. Therefore, it is proposed here 
as a broad process as sCOD removal and it is a collective function can be achieved by 
flexible communities. In summary, the stable or dynamic community structure does not 
imply a stable or dynamic function, or vice versa.  
7.2 Effect of SRT on Microbial Community and Settling Ability 
SRT, known as an important design and operational parameters for activated 
sludge, can be used as a control parameter for microbial communities in relation to both 
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“bottom up” and “top down” ecological interactions. In this study, four different SRTs 
resulted in four different microbial structures at steady state ascertained by DGGE 
profiles that were divergent over time from the identical origin. In this study, diversity 
indices, namely the Shannon index and reciprocal of Simpson’s index, obtained from 
steady state reactors and showed somewhat negative relations with SRT in Bacteria 
communities in flocs. Regarding to the reciprocal of Simpson index (1/D) of the all three 
communities, the best performed Reactor C (SRT16d) ranked lowest for general 
Bacterial community diversity. Interestingly, it ranked highest for eukarya diversity in 
floc (Table 7-2 and Figure 7-2). This corresponds to the macro-ecological relationship 
between prey and predator. For the function and structure relationship, as SRT increased 
from 4 to 16 day, the biodiversity decreased with improved aggregation abilities. Further 
increase of SRT from 16 to 32 day, no further improvement of aggregation but different 
trend on biodiversity occurred.  
However, this was not a general and linear relationship for the subgroup bacteria 
communities evaluated in this study. Four SRTs, three separate samples from each 
reactor (AS, S and R) and all the indices obtained from DGGE profiles for Bacterial 
community, eukaryotic community and four subgroup bacterial communities were 
subject to ANOVA using R codes 
(http://en.wikipedia.org/wiki/R_programming_language; performed by Weifang Chen at 
Penn State). Unfortunately, no very clear trend or correlation was found for the overall 
comprehensive community analysis, except SRT was likely a significant factor in S 
samples. For example, reactor C (SRT16), with best aggregation ability, showed different 
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rankings for the subgroups, the general Bacteria, and the Eukarya. This is probably due 
to the different roles of these microorganisms in bioflocculation. 
Table 7-2 Diversity indices (1/D) of various microorganism in floc communities of 












A(SRT4) 17.2 5.4 3.2 6.5 6.3 7.3 
B(SRT8) 15.1 3.4 3.7 6.4 4.2 8.2 
C(SRT16) 9.2 3.1 6.5 7.1 7.2 11.1 















Figure 7-2  Diversity indices of Bacterial communities and SVI for four nominal SRTs 
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Saikaly et al. (2005) set up lab-scale SBRs to assess the impact of SRT on 
bacterial diversity using T-RFLP as the molecular fingerprinting technique. SRT of 2-day 
and 8-day reactors with six replicates for each SRT operated for three SRTs period. The 
second step experiment was inoculated from one of the first step reactors. Reproducibility 
and stability in the bacterial community structure of replicate SBRs was investigated as 
well. They found SRT had an impact on species diversity; however, it was difficult to 
explain why SRT 2-day reactors showed higher diversity than SRT 8-day reactors. This 
agrees the same trend from SRT 4 to 16 day in this study for Bacteria communities. This 
study had much longer succession period than the three SRTs mentioned above, and four 
SRT reactors were used in contrast to the above two SRTs with replicates. Different 
molecular methods, T-RFLP and DGGE likely contributed to the differences in the 
indirectly obtained diversity indices. Despite this, within the range of SRT 4 to 16 d, the 
same results were found that higher SRT had less diversity.  
Diversity decrease might be due to the selection effect caused by the longer SRT 
for the settlers, and the poor settlers or the dispersed cells are preferred in the predation of 
the eukarya, which were slow growers and favored by longer SRT. Another selection 
effect may come from the “bottom up”, i.e., the lower F/M caused by higher SRT to 
induce the deflocculation or the starvation resulting in the less diversity. Shear force 
caused by aeration also accounts for the deflocculation and washout of non-aggregating 
cells. Overall, the impact of SRT (4d to 16 d) on biodiversity and bioflocculation was 
proposed as below. The microbial community, with three possible events occurring, was 












Reactor D (SRT32d), which had SVI at the same level with Reactor C but higher 
eTSS, showed lowest 1/D of eukaryotic community and relatively high 1/D of 
actinomycetes. The microscopic observation supported the simple eukaryotic 
communities showing majority of rotifers of the same morphology, but no obvious 
filamentous bacteria at final stage of operational course. Actinomycetes are a group of 
filamentous bacteria, which is regarded as bulking-associated organisms on the one hand 
but excellent organic degradators on the other hand. Also, filamentous, if in right balance 
with floc-formers, can assist floc formation. It was assumed that reactor C had the right 
amount and right species of filamentous contributing to the good flocculation and settling 
 
Increase in SRT 
Decrease in substrate concentration 
& decrease in growth rate 
Dis-aggregation of growth rate- 
dependent aggregating bacteria 
Selection for bacteria with better flocculation capability due 
to predation and mechanical washout 
Improved bioaggregation Less diverse bacterial community 
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ability, as well as to the high COD removal of the protein-based influent. In fact, protein 
hydrolysis bacteria are filamentous (107), which possible belong to actinomycetes group. 
In contrast, the visible absent of filamentous in reactor D and lower diversity of 
eukaryote might be the reasons for its pin floc at late stage of operation.  
Four SRTs ranging from 4 to 32 day achieved similar performance in terms of 
sCOD removal rate and relatively stable MLSS were maintained. Once SRT exceeded the 
washout minimum level, the COD removal was not a restriction to select SRT. Rather, 
other performance parameters, such as nitrification, flocculation, and settling abilities, are 
the considerations for optimal SRT selection. Higher SRTs indicated increasing 
nitrification as characterized by inorganic ion of NO2 and NO3 in the effluent. In regard 
to the settling ability, longer SRTs showed more stable and lower SVIs in this study. 
Other study also showed physically more stable floc at longer SRTs through assessment 
of floc surface structure (50).  
In addition, longer SRTs generated lower sludge volume for disposal, which 
improves economic viability. However, pin floc occurred in the highest SRT with turbid 
effluent. It is possible that an optimal range exists for a specific wastewater stream under 
certain conditions, instead of the idea that longer SRTs are always better. For the ratio of 
eTSS/MLSS, shorter SRTs had higher value than longer SRT, indicating the better 
flocculation at longer SRTs. For eTSS itself, longest SRTs did not favor a clearer effluent. 
In contrast, other study showed the opposite, lower SRT had higher eTSS (49). They used 
glucose based synthetic wastewater. The eTSS had larger error bars for both lower (4d 
and 9d) and higher SRT (16d and 20d) and smallest error bars for the middle SRT (12d). 
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This also supported that an optimum range SRT exists for a specific wastewater and 
configuration.  
Comparable observations were made by Muller et al. (2002), who found 
flocculation formation was impacted by sludge age, or SRT. Sludge settleability (not 
termed as flocculation ability), which was quantified by VSS/SS in effluent in their 
studies, was similar in SRT 5 day and 10 day. Low SS in effluent in SRT 5 day was 
attributed to the lower biomass content in the reactors, not better sludge sedimentation. 
This study had similar observations in the similar SRT range. SRT 4 day and 8 day 
reactors demonstrated similar SVIs though SRT 4 day had lower TSS because of its 
lower biomass content (MLSS in the reactor). During long term succession the dynamic 
of SVIs for SRT 4 day and 8 day was observed. In contrast, SRT 16 day and 32 day were 
stable at low SVIs in the long term.  
With respect to stability of flocculation performance, longer SRT is preferred, but 
the rule that the longer, the better, is an over-simplification. Longer SRT generated a high 
content of biomass including slow growers. Longer SRT favors the slow growers such as 
nitrifiers and eukaryotes, and this makes the system more complicated. Longer SRT 
allows lower F/M ratio, which is a nutrient-limit condition. It might also be postulated 
that some slow-growing bacteria are good at specific functions, e.g., flocculation or 
nitrification, and eukaryotes affect on these functions through predation or other activities 
too. If flocculation/aggregation is a survival strategy of microorganisms in harsh 
conditions, longer SRT should maintain this effect. But too much stress may upset the 
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system, even though the response to the stress is protective at the cellular level, but it may 
be disruptive of deflocculation at the macroscopic level (53).  
7.3 Effect of SRT on EPS 
Preliminary data showed EPS amounts, separately quantified as the standards of 
protein, humic acid, carbohydrates and DNA, were different at four SRT. Highest humic 
acid, protein and DNA were found to in the SRT 16 day reactor, which showed the best 
flocculation and settling abilities as low SVI and eTSS. High amount of humic acid in 
four reactors indicated the high active biomass, suggesting the efficient utilization of 
protein-based nutrients. The role of humic acid in bioflocculation may be of investigation 
interest for the future work. 
In this study, EPS were extracted only at the last period, assuming steady state 
and confirmed by DGGE profiles of the microbial community, to compare the four SRTs’ 
impact on EPS. Due to instrument limitations, DNA measurement was conducted using a 
260/280nm spectrophotometer instead of DAPI method described by Frolund et al. (1996) 
(27). Differing from most findings in the literatures (52), this study found humic matter 
was the dominant component in EPS, rather than protein or carbohydrates. Interference 
between protein and humic acids was corrected following Frolund et al. (1995) (26). 
Further test using the same standard series in linear ranges of protein and humic acids 
showed that the response factors of these two varied by 2.6 times relative to the 
proportion of humic acids to protein. It is not certain what caused these variations or if 
such variations also occurred in other researches. The humic acids standard used here was 
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not identical to the one used in the cited reference. In addition, the sludge samples were 
not comparable with those used in other studies.  
The four lab-scaled reactors were fed with peptone-based synthetic wastewater, 
without toxic or particulate matter, and the seed sludge was acclimated with the feed 
solutions before initiating the operation. DGGE profiles showed no drastic variation 
before and after acclimation in the microbial community. The active nitrification 
occurring from the mid-term of operation indicated the degradation of peptone since no 
inorganic ammonia was added to the reactors, and all the nitrogen provided by the 
original peptone. Peptones seemed subject to metabolism by heterotrophs, in which case 
the cell lysis would have released nitrogen in amino acid form, which might be the 
ammonia source. Active transformation and cycling of nitrogen implicated the complete 
utilization of peptone. Organic carbon as starch and methyl pyruvate may be metabolized 
in the similar fashion.  
It is possible that only non-degradable matters from feed or cell debris not utilized 
by living cells remained in biomass flocs. Since the bound EPS rather than soluble EPS 
were extracted, the remaining humic matters were ended up in the EPS. Yield and decay 
rate were estimated to be 0.6 mgTSS/mgCOD and 0.01/day (Appendix C). The yield 
value corresponds to the common value while the decay rate was fairly low compared to 
the typical value of endogenous decay coefficient, indicating the highly active biomass in 
the system which is favorable to mass transfer (sCOD removal). Such a system was 
produced by vigorous mixing and sufficient aeration, also might be for less flocculation 
(54). The high yield and low decay rate indicate that very active biomass growing in the 
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reactors consumed all the degradable organics. Thus high amount of humic acid extracted 
from the biomass, therefore, was not so surprising.  
EPS extraction and measurement methods need to be standardized to facilitate the 
comparison between different studies and the evaluation of general mechanisms. 
7.4 Floc Community vs. Planktonic Community 
The novelty of this study lies in the attention paid to the plankton of the activated 
sludge, i.e., the separate sampling of the plankton and aggregate communities. 
Traditionally, they are not assumed to be involved in floc-formation. In other words, the 
floc-formers are supposed to be present only in flocs. From the results of this study (both 
chapter 5 Figure 5-10 and chapter 6), it appeared that the same bacteria species were 
capable to exist in both states, either planktonic suspension or aggregative floc. 
Additionally, it was observed from DGGE images that some species had particular 
dominances in planktonic state. This may result from their varied abilities of aggregation.  
To our knowledge, no other studies did sampling in this way. One study by 
Muller et al. (2002) compared the microbial population structures of the fast settling 
macroflocs and nonsettleable microflocs (pin-point floc) using FISH and BIOLOG 
substrate utilization. They concluded pin-floc formation was due to microcolonies 
growing separately rather to dispersal of intact flocs. They observed clear difference in 
bacterial community compositions of the two floc fractions, pin floc and fast settling 
macrofloc. In contrast, from the observations in this study, the bacteria species present in 
nonsettlable supernatant and in aggregated sludge from the same source were highly 
similar on DGGE gels. Different molecular methods were used; FISH probes targeting 
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alpha, beta, gamma-proteobacteria, filamentous bacteria were applied in their 
observations. The difference in the results might come from the different sampling, 
different wastewater, and different methods applied. Possibly, samples from two separate 
treatment channels, pin floc and fast settling sludge in their study should not equal to the 
supernatant and floc from the same source activated sludge in this study. The only analog 
between pin floc and supernatant in these two studies is the same no settling properties.  
The species particularly dominant in supernatant may not be able to form strong 
enough flocs; instead, they might form loose flocs which were not well settled or could 
be easily deflocculated. Or, they are able to form small individual flocs separately rather 
than larger and denser flocs. Additionally, under variable growth conditions, these 
species may be hypothesized to exhibit variable living styles, i.e. exchange from one state 
to another for best survival strategies.  
Based on the observations from this study, including the comparison of the three 
WWTPs and reactors sludge samples, floc and planktonic communities from the same 
origins had high similarity (mostly >50%, shown in Table 7-3). They might behave 
differently under different growth conditions or growth phases. Thus the varying 
aggregation abilities resulted in their presence in both planktonic and aggregate 
communities. In fact, this result supported findings from the previous research done by 
Fei Chen (2006) (14) using culture-dependent method. It was found that the majority of 
culturable bacteria (about 200 pure cultures in that study) exhibited varying aggregation 
abilities in their different growth phases.  
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Table 7-3 Summary of similarity between floc and planktonic community of 3-
WWTP samples (Replicates: D vs. S and R vs. C) (%) 






General Bacteria 42/43 50/73 63/60 
Actinomycetes 65/54 44/52 80/93 
Acidobacteria 64/72 42/64 66/84 
Ammonium oxidizers 78/84 86/76 77/76 
Type I methanotrophs 43/39 -/41 34/36 
Type II methanotrophs 66/60 71/66 79/70 
α-Proteobacteria 53/- 25/14 18/60 
Eukarya 68/48 44/62 64/54 
 
7.5 Eukaryotic Community 
Activated sludge is a rich ecosystem composed of bacteria and eukaryotes as well. 
Full understanding of microbial community in activated sludge should incorporate 
eukaryote (44). Prokaryote and eukaryote relationship is thought to be predator and prey 
from ecological standpoint, but more complicated interactions may exist in terms of 
bioflocculation. Eukarya is benefit to the treatment performance via chopping planktonic 
bacteria, helping nitrification, promote microfloral activity and decomposition, enhancing 
oxygen penetration, and being parameter of sludge health and effluent quality (90). They 
also attribute to bioflocculation via secrete of EPS (15).  
In this study, eukaryotic communities were found to have less diversity, as 
indicated by the number of bands. Bacterial communities showed greater stability than 
eukaryotic community, probably due to their higher diversity. It is also believed that 
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higher life forms are more sensitive to variations in the living environment (39). This is 
the reason eukaryotes are used as indicator under microscope by the sewage operators to 
determine the effluent quality as well as the presence of toxic compounds in the influent 
(15). 
Though the eukaryotes often are larger than bacteria thus facilitate the 
microscopic observation, very tiny eukaryotic microorganisms, termed picoeukarya, have 
to be investigated using molecular methods (19). Interestingly, they also form 
assemblages in aqueous environment such as marine water, indicating tiny microbes 
prefer to assemble together. Like bacterial aggregations, such strategies might favor their 
survival under harsh conditions.  
Marsh et al. (1998) initiated the study of eukaryote through molecular methods 
such as PCR-DGGE or T-RFLP for activated sludge samples (57). In this study, the 
primer pair used for eukaryotes was of larger DNA size (about 500 bp) compared to 
universal Bacterial primers (about 200 bp). It is difficult to determine the optimal 
conditions for DGGE, and the most DGGE images of the eukaryotic samples were of 
inferior quality.  
Microscopic observations confirmed the dynamic eukaryotic populations in this 
study. Diverse populations were observed under microscope in the four reactors with 
SRT ranging from 4 to 32 day. Protozoan and metazoans are generally thought to be 
beneficial for effluent quality. Longer SRT normally favors their growth because of their 
relatively low maximum growth rate than bacteria and minimum SRT based on the 
protozoan growth should be exceeded to achieve bioflocculation (33, 39). However, in 
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this study, the longest SRT reactor was dominated by rotifers with similar morphology, 
as confirmed with microscopic observations, and this system, though with low SVIs, 
suffered pin floc instead of less eTSS (still low eTSS/MLSS was achieved). At present, it 
is difficult to offer exact explanation for such a phenomenon. It might be the unbalance of 
different species of eukaryotes or the unbalance of bacteria and eukaryotes under that 
SRT for the specified system. Pin floc occurred after setting up the pH controls to 
compensate for severe pH drop caused by nitrification. Such interference maybe favored 
the growth of the rotifers and an abundance of the rotifers may cause deflocculation by 
means of their frequent mobility and predation. Earlier study (3) found pin floc under 
higher SRT (9-12 day in that study) and described the floc characters as deflocculated 
from larger floc. However, other research concluded that pin floc formation is not due to 
dispersal of intact flocs but to microcolonies growing separately (62). Further, pin floc 
was thought to be caused by the absence of the filamentous which act as the backbone to 
form strong flocs (33). But actinomycetes, which are filamentous bacterial group, were 
found to be present in the pin floc reactors as in other reactors. What kinds of filamentous 
are capable to serve as the backbones or what is the balanced amount of filamentous are 
still remain unclear. 
In relation to microbial aggregation, aggregated bacteria and filamentous bacteria 
are more resistant to predation by eukaryotes (43). While in turn, eukaryotes may develop 
more effective strategies to prey on bacteria. On the other hand, less effective predators in 
the ecological system may shift to more effective ones. Such complicated and highly 
interactive relationships may be incorporated in the future studies. 
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7.6 Nested PCR vs. One-step PCR Coupled with DGGE 
In this study, both one-step PCR with universal primers targeting general Bacteria 
and eukaryotes, and nested-PCR targeting subgroup bacteria were applied. Nested-PCR 
refers to a two-step PCR with specific primers targeting subgroup bacteria first, followed 
by the universal primers as second step PCR, or vice versa. The order of the primers used 
depends on the size of the primer pair. In general, nested PCR was observed to be more 
sensitive than one-step PCR for complex environmental samples such as activated sludge. 
Boon et al. (2002) successfully applied nested PCR and DGGE for comparing several 
WWTP samples. Nested PCR was found to be more sensitive than one-step PCR in the 
visualization of species that were present in lower numbers. 
The difficulty or lower sensitivity for one-step PCR may largely be due to the 
DNA extract from the “dirty” samples possibly containing inhibitory matters. The 
second-step PCR serves as a purification step to achieve better visualization of PCR 
products on DGGE gel (Dr. Harry Curts of Clemson Unversity, personal communication). 
In this study, using even low-yield (a very faint band on agarose gel) first step PCR as 
template with a small amount (1 µl for 50 µl PCR reaction) resulted in efficient yield of 
second step PCR product (a dark band on agarose gel, meaning more than 30 ng/µl DNA 
content) for further DGGE analysis. While for one-step PCR and in spite of specific or 
universal primers, such yield was highly dependent on the output and purity of DNA 
extract. It might be obtained after adjusting the DNA template by dilution or 
concentration to the optimal conditions. Furthermore, even with a dark band, the PCR 
products did not necessarily result in well separated and clear banding pattern on DGGE 
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gel for the image analysis. Besides the higher sensitivity, the feasibility of nested PCR 
was based on the fact that second PCR round did not drastically change the number or the 
intensities of the DGGE bands compared to a one-step PCR with specific primers. This 
study corroborated the same comparison and the results were in agreement with the 
findings by Boon et al. (2002). 
High numbers of weak bands which resulted in smear for the bacterial one-step 
PCR-DGGE pattern were observed by Boon et al. (2002). The same observations were 
also found in this study, though different bacterial primers were applied. Such results 
were attributed to the high number of different Bacterial species present in the sludge. 
Because DGGE is capable to detect those species accounting for as low as 1% of the 
entire community (65), and high numbers of bands were present in Bacterial 
communities. The smear may also result from poor quality of PCR products or non-
optimal DGGE conditions, or even be rooted in the DNA extraction.  
Like any other approach, the nested PCR is not error-free. The two successive 
PCR reactions possibly introduce even greater bias than one-step PCR. For instance, bias 
can result from the preferential amplifications, formation of chimeric molecules or 
heteroduplex molecules in PCR (67). Therefore, the number and intensity of bands in a 
DGGE gel may not accurately portray the number and abundance of the targeted 
microbial community. The diversity indices calculated from the DGGE banding patterns 
may possibly introduce bias due to the image quality, staining effect, and so on. 
Consequently, these indices should be interpreted only as indications rather than absolute 
measures of the degree of diversity (21). Bias of possible overestimation and 
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underestimation of bacterial diversity by the method of PCR-DGGE was also discussed 
in a study by Curtis and Craine (1998) (16). Another problem with nested PCR resulted 
from the application of group-specific primers to analyze environmental samples. As 
pointed by Boon et al. (2002), these primers rely on the available cultured isolates and on 
known sequences in the data base, which may not adequately reflect the entire pool of 
16S rRNA sequences in natural samples. There was also evidence of the shortcomings of 
the specific primers, such as CTO primers not being adequately specific to AOBs 
(ammonia oxidizing bacteria) (72), and F243 primers not matching the 16S rRNA of all 
actinomycetes but instead providing matches of some non-actinomycetes (36).  
In spite of these uncertainties, nested PCR-DGGE greatly facilitated developing 
fingerprinting profiles of the microbial communities in complex sludge samples, 
especially for the less abundant species in the communities, without cultivation and 
isolation. Culture-dependent methods were believed to severely underestimate bacteria 
diversity; for instance, culturable bacteria were thought to represent only less than 15% 
microorganisms in activated sludge (2). The PCR-DGGE method is used as powerful tool 
for relatively rapid comparison of bacterial diversity, and was able to determine which 
bacteria undertake specific functions in the activated sludge (16). With the optimized 
conditions of PCR (template amount, annealing temperature) and DGGE (SB buffer, 
gradient), reproducible results were observed in this study. With the advance of 
molecular techniques and device development, improved primers design, and sequence 
data base expansion, it is likely that more accurate specific microbial community profiles 




CONCLUSIONS AND RECOMMENDATIONS 
1. Dynamic structure does not imply dynamic function, or vice versa. 
Stable structure does not imply stable function, or vice versa. 
2. Significantly different microbial community structures were developed 
for four SRTs, although the same seed culture was used for inoculation 
at the beginning. The four Bacterial communities reached steady state 
after 5 SRTs. From SRT 4 to 16 d, reduced bacteria diversity in the floc 
communities was found as SRT increased. An increase in biodiversity, 
however, was resulted when SRT was further increased to 32 d. More 
specific subgroup bacterial diversity and eukaryal diversity did not 
follow a similar trend, suggesting the different influence that SRT may 
have on the different microbial communities. 
3. SVI decreased as SRT increased. However, a further increase in SRT 
from 16-day to 32-day did not result in further improvement of 
settleability, suggesting the existence of an optimal SRT for enhancing 
activated sludge bioaggregation. Longer SRTs (16-day and 32-day) had 
lower and more stable settling abilities than shorter SRTs (4-day and 8-
day), as indicated by the less viable SVIs at longer SRTs and more 
variable SVIs at shorter SRTs.  
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4. SRT imposed selection pressure on microbial community for better 
aggregation capability as SRT increased. SVIs were impacted by SRTs 
through the impact on microbial community. 
5. EPS were found to be variable among different SRTs in this study. It 
appeared that higher humic acid and protein corresponded to the lower 
SVIs of SRT 16 d. 
6. Significant similarity exists among the floc and planktonic communities, 
indicating most bacteria are present in both planktonic and floc phases. 
 
Based on the results of this study the following recommendations are offered: 
1. Different COD component (e.g. glucose and peptone) may induce different 
microbial community, and thus different flocculation abilities under the same 
operating conditions. Impact of different influents on bioflocculation may be 
evaluated. 
2. Nutrient removal (nitrogen and phosphate) may be considered in relation with 
the bioflocculation in an activated sludge.  
3. Other flocculation methods (FA, RH, etc.,) did not work well enough to 
produce significant difference between different SRT samples. Backup 
method to quantify flocculation and settling ability other than eTSS and SVI 
may need to be developed.  
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4. EPS and the humic matter in EPS may need to be monitored in time course to 
obtain the profile during the succession in relation with flocculation and 
settling abilities.  
5. Nested PCR coupled with DGGE proved to be powerful culture-independent 
methods for studying microbial communities in such a complex system as the 
activated sludge. Other in situ methods such as FISH and MAR may be good 








Appendix A  
Log Sheet for Pre-run and Daily Operational Flowrates of the SBRs 
Activated Sludge Logging Sheet (tap water pre-run)  designed value(mL/d): 2000 
Day Date 
Wasting Sludge volume (mL/day) Effluent volume (mL/day) Waste + Effluent Volume (mL/day) 
Notes A B C D A B C D A B C D 
4d 8d 16d 32d 4d 8d 16d 32d 4d 8d 16d 32d 
1 06-04-06 1,010 490  100 960 1,690 1,370 1,900 1,970 2,180  2,000   
2 06-05-06 1,020 480 230 120 1,070 1,610 1,740 2,010 2,090 2,090 1,970 2,130   
3 06-06-06 1,010 480 230 100 950 1,670 1,810 1,950 1,960 2,150 2,040 2,050   
4 06-07-06 1,030 480 240 100 1,020 1,580 1,720 1,840 2,050 2,060 1,960 1,940   
5 06-08-06 1,010 490 230 105 970 1,440 1,700 1,870 1,980 1,930 1,930 1,975   
6 06-09-06 1,020 500 235 120 990 1,480 1,770 1,865 2,010 1,980 2,005 1,985 25.4˚C 
7 06-10-06 1,030 490 225 110 910 1,490 1,720 1,860 1,940 1,980 1,945 1,970   
8 06-11-06 1,020 500 225 110 965 1,450 1,775 1,880 1,985 1,950 2,000 1,990   
9 06-12-06 1,015 490 220 110 990 1,480 1,760 1,890 2,005 1,970 1,980 2,000   
10 06-13-06 1,015 495 230 110 985 1,520 1,790 1,915 2,000 2,015 2,020 2,025 21.8˚C 
11 06-14-06 1,030 495 235 100 1,000 1,505 1,730 1,910 2,030 2,000 1,965 2,010   
12 06-15-06 1,030 480 230 105 990 1,470 1,800 1,890 2,020 1,950 2,030 1,995   




14 06-17-06 1,030 490 230 105 950 1,460 1,760 1,890 1,980 1,950 1,990 1,995 21.8˚C 
  average 1,020 489 230 108 980 1,522 1,726 1,896 2,000 2,011 1,983 2,004   
 Std dev 8 7 5 7 37 82 108 42 39 80 35 44  
 target 1,000 500 250 125 1,000 1,500 1,750 1,875      
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Synthetic Wastewater Composition, DO, pH, sCOD, and Major 
Elements in the SBRs 
Table B-1 Synthetic wastewater composition  







Bacto-peptone (BD) 350 357.25 0.980 
Proteose-peptone (BD) 350 252.32 1.387 
Soluble starch (BD) 164 195.55 0.839 









K2HPO4  (J.T.Baker)  34.8  
KH2PO4  (J.T.Baker)  29.9  
CaCl2∙2H2O (EMD chemicals)  367  
NaCl (EM Science)  127  
CoCl2∙6H2O (Mallinckrodt chemical)  0.265  
MgSO4∙7H2O (EM Science)  615  
ZnSO4∙7H2O (Fisher)  1.08  
Na2MoO4∙2H2O (J.T.Baker)  0.265  
H3BO3  (Mallinckrodt chemical)  0.04  
C10H12FeN2O8Na or EDTA-Na-Fe 
(Sigma) 








































Figure B-1 DO profile during feed period in the SBRs 
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Reactor A (SRT4) Reactor B (SRT8)
Reactor C (SRT16) Reactor D (SRT32)
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     Table B-2 Major elements in the reactors (t=256 d) 
    C N  P  S  H  
  TOC COD 















    mg/L mg/L mg/L mg/L mM mM    
Influent Calculated*  432 900 98 0 0.84 2.5   




   
          
Effluent A 13 38±12 46 39±12 0.2 2.4±0.3   
 B 10 32±10 68 59±8 0.2 2.4±0.4   
 C 9 30±10 71 69±9 0.3 2.4±0.4   
 D 13 32±13 70 62±13 0.3 2.3±0.2   
% of Biomass weight: Sub-total 
 A 40.1±0.7  8.7±0.2   1.9±0.2 6.2±0.1 56.9 
 B 39.7±0.8  8.6±0.3   1.8±0.1 6.2±0.1 56.3 
 C 40.1±0.2  9.1±0.1   1.8±0.4 6.3±0.1 57.3 
  D 39.9±0.1   8.1±0.0     2.4±0.1 6.3±0.1 56.7 
*: Empirical formula for protein was from Grady and Daigger (1999) (33). 
#
: Measured value ± SD (standard deviation) from duplicates. 












Real SRT, Yield and Decay Rate Determination 




                                    ΘC = Solids retention time, SRT 
            V = Bioreactor volume, 4 L 
            F = Daily feed flow rate, 2 L/day 
FW = Daily wastage flow rate, L/day 
                                    XM = TSS concentration in effluent, mg/L as COD 
                        XMe = Biomass lost in the effluent from settler, mg/L as COD 
                                    XMW = MLSS concentration in wastage, mg/L as COD 
 
Yield and decay was estimated using the method described by Grady and Daigger 
(1999) (33). The results were shown in Table C-1 and C-2, Figure C-1. The assumption 
of eTSS as 0 to determine the target SRT appeared not appropriate for this study due to 
the variable eTSS values and in particular the high eTSS for reactor D causing the 
significant difference between the target SRT and real SRT by -47%. In contrast, at early 
stage, such difference was only 5%. Yield and decay rate were estimated as 0.6 






W MW W Me
V X
F X F F X
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 (day) (mg/L) (mg/L) (L) (mL/day) (mL/day) (day)   
A 4 1120 50 4 1015 1010 3.8 -6% 
B 8 1590 64 4 495 1480 7.2 -10% 
C 16 3710 58 4 230 1760 15.5 -3% 
D 32 5105 59 4 110 1915 30.3 -5% 
  2006-7-5       
Entire operational period (t>20day):       
A 4 811 59 4 968 923 3.9 -3% 
B 8 1645 99 4 467 1480 7.2 -10% 
C 16 2771 74 4 228 1673 14.7 -8% 
D 32 4134 110 4 121 1761 23.8 -25% 
Lab course EES 805 (3/5-3/16/2007, 257 to 268 d):      
A 4 883 122 4 1002 958 3.5 -12% 
B 8 1751 77 4 491 1437 7.2 -10% 
C 16 2583 82 4 236 1772 13.7 -14% 










































































A 811 791 38 3.9 2 1 0.08 0.4642 0.2564 0.00777 0.5801 0.6961 
B 1,645 791 32 7.2 2 1 0.08 0.2307 0.1385 0.00777 0.5801 0.6961 
C 2,771 791 30 14.7 2 1 0.08 0.1373 0.0680 0.00777 0.5801 0.6961 
D 4,134 791 32 23.8 2 1 0.08 0.0918 0.0420 0.00777 0.5801 0.6961 


















Figure C-1 Determination of yield and decay in the reactors
Slope = 1/YH,T  









Typical Calibration Curves 
Most samples were measured sCOD using accu-TEST low range digestion vials 
(Bioscience, Inc., 5-150 mg/L). For a small amount of samples at early period, HACH 
low range vials were used too. The comparison was made below, 1% difference for the 
















Figure D-1 sCOD calibration curves (accu-TEST) 




































































Table D-1 Two COD digestion vials comparison (with calibration figure) 













0 0.542 0.516 0.458 0.46 0 
10 0.488 0.508 0.448 0.442 10 
50 0.353 0.326 0.315 0.316 50 
100 0.182 0.153 0.158 0.156 100 




0.232 0.237 0.224 0.205 82.33 81.51 


































































































































































































































































Examples of Agarose Gels of DNA Extraction and PCR Products 
Agarose gels were run to examine the DNA extraction products, PCR products, 






























Figure E-1 Agarose gel (0.7% in SB buffer, 1000bp ladder) to check DNA extracts 
Top: DNA extracts using phenol-bead method;  
















Figure E-2 Agarose gel (2% or 1% in SB buffer, 100bp ladder) to check PCR products 
(341GC-534r) 
Up: 2% gel, 1.5ul load sample, 1ul load ladder;  





Reproducibility of PCR-DGGE 
Reproducibility of PCR-DGGE was tested using twice PCR performed in months’ 
interval for Bacterial community (Figure F-1, a & b). Feasibility of nested PCR-DGGE 




   1     2    3      4    5     6    7     8     9   10   11   12   13  14  15 
(b) 





Figure F-1 Reproducibility of PCR-DGGE shown on ethidium bromide stained DGGE 
pictures (20-80% gradient from top to bottom, universal Bacterial primers 
341GC-534r)  
Sludge samples from three WWTPs, Pendleton (P), Clemson (C) and Anderson (A). 
(a) Lane 1-5: S, D, C, R, AS samples from plant P; Lane 6-10: D, S, C, R, AS from Plant 
C; Lane 11-15: D, S, C, R, AS from plant A.  
(b) Lane 1-5: R, D, C, S, AS from Plant P; Lane 6-10: R, D, C, S, AS from Plant C; 























Figure F-2 Test on interference between two templates in nested PCR 
Lane 1-6: P-AS, with 1μL T1, 0.5T1+0.5T2; 0.5+0.5(1/10diluted T2), 
0.5+0.5(1/100diluted T2), 0.5+0.5(1/1000diluted T2), 1μLT2. Lane 7-12: C-AS, 
with 1μL T1, 0.5T1+0.5T2; 0.5+0.5(1/10diluted T2), 0.5+0.5(1/100diluted T2), 
0.5+0.5(1/1000diluted T2), 1μLT2. 
 








































Figure F-3 Reproducibility of Eukaryotic community profile of 3-WWTPs 
Top: Lane 1-5: AS, S, C, D, R of plant P; lane 6-10: AS, S, C, D, R of plant A; lane 11-
15: AS, S, C, D, R of plant C; 
Bottom: Lane 1-6: floating sludge, D, R, C, S and AS of plant C; lane 7-11: R, D, C, S 
and AS of plant A; lane 12-16: R, D, C, S, and AS of plant P. 
1   2   3   4   5   6   7   8   9 10  11 12 13 14 15 




Analysis of the Biodiversity Indices 
Table G-1 Diversity indices of Bacteria communities of three-WWTP samples  
Samples 
(Figure 6-1) 





















A-AS 9 0.97 0.9 0.2 2.1 7.9 
C-AS 14 0.97 0.9 0.1 2.6 12.0 
P-AS 23 0.96 0.8 0.1 3.0 18.7 
Planktonic 
Community 
(S and C) 
A-C 16 0.96 0.8 0.2 2.7 12.6 
C-C 9 0.88 0.6 0.3 1.9 5.5 
P-C 19 0.94 0.7 0.1 2.8 13.5 
A-S 19 0.96 0.8 0.1 2.8 15.0 
C-S 18 0.88 0.5 0.2 2.5 9.1 
P-S 22 0.95 0.8 0.1 2.9 16.5 
Aggregate 
community 
(D and R) 
A-D 16 0.96 0.8 0.1 2.7 13.1 
C-D 18 0.93 0.7 0.2 2.7 12.4 
P-D 24 0.98 0.9 0.1 3.1 20.8 
A-R 19 0.97 0.8 0.1 2.9 15.8 
C-R 21 0.94 0.7 0.1 2.9 15.0 
P-R 22 0.97 0.8 0.1 3.0 17.4 
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 H E S H E S H E S H E S 
A-AS 1.88 0.90 8 2.16 0.90 11 1.56 0.75 8 2.30 0.90 13 
A-C 2.03 0.98 8 2.25 0.91 12 1.71 0.88 7 2.63 0.91 18 
A-D 1.47 0.91 5 2.10 0.95 9 2.07 0.94 9 2.10 0.91 10 
A-R 2.08 0.95 9 2.35 0.92 13 2.02 0.88 10 2.63 0.91 18 
A-S 2.67 0.94 17 2.39 0.93 13 2.03 0.85 11 2.07 0.90 10 
             
C-AS 2.46 0.96 13 2.11 0.92 10 2.27 0.89 13 2.12 0.89 11 
C-C 1.41 0.88 5 2.55 0.94 15 1.86 0.85 9 2.77 0.93 20 
C-D 1.90 0.98 7 1.82 0.87 8 2.21 0.89 12 1.95 0.85 10 
C-R 2.26 0.94 11 1.79 0.92 7 2.29 0.89 13 2.66 0.89 20 
C-S 1.43 0.89 5 2.40 0.93 13 2.04 0.89 10 2.59 0.94 16 
             
P-AS 1.66 0.93 6 1.79 0.92 7 1.00 0.72 4 2.68 0.96 16 
P-C 1.71 0.95 6 2.04 0.93 9 1.72 0.88 7 2.49 0.94 14 
P-D 1.54 0.96 5 1.88 0.90 8 1.58 0.76 8 2.72 0.96 17 
P-R 1.53 0.95 5 1.86 0.89 8 1.40 0.72 7 2.64 0.95 16 






 H E S H E S H E S H E S 
A-AS 2.35 0.95 12 2.78 0.96 18 1.61 0.83 7 1.37 0.85 5 
A-C 1.30 0.56 10 2.94 0.97 21 1.69 0.87 7 1.97 0.90 9 
A-D 2.35 0.94 12 2.82 0.97 18 1.68 0.81 8 1.72 0.88 7 
A-R 2.06 0.74 16 2.58 0.98 14 1.56 0.80 7 1.76 0.91 7 
A-S 2.10 0.80 14 2.83 0.98 18 1.79 0.86 8 2.07 0.94 9 
             
C-AS 1.84 0.84 9 2.89 0.95 21 1.82 0.88 8 1.71 0.95 6 
C-C 1.85 0.80 10 2.63 0.97 15 1.53 0.85 6 1.45 0.90 5 
C-D 1.55 0.80 7 2.61 0.96 15 1.11 0.80 4 1.68 0.86 7 
C-R 1.72 0.88 7 2.53 0.91 16 1.59 0.89 6 1.52 0.85 6 
C-S 1.86 0.81 10 2.45 0.95 13 1.60 0.89 6 1.28 0.92 4 
             
P-AS 2.13 0.81 14 3.00 0.96 23 1.72 0.89 7 1.70 0.95 6 
P-C 2.35 0.91 13 2.83 0.96 19 1.61 0.83 7 1.91 0.92 8 
P-D 2.26 0.81 16 2.91 0.96 21 1.66 0.85 7 1.66 0.93 6 
P-R 1.64 0.84 7 2.88 0.96 20 1.88 0.90 8 1.34 0.83 5 
P-S 2.28 0.95 11 2.94 0.96 21 1.84 0.84 9 1.78 0.91 7 
1. Figure F-1(a) and Figure 6-2 to 6-8 were used to obtain the indices.  
2. First letter in sample labels stands for the abbreviation of the WWTP plant: A-










 1/D d ED 1/D d ED 1/D d ED 1/D d ED 
A-AS 5.35 0.34 0.67 7.24 0.24 0.66 3.31 0.50 0.41 8.02 0.21 0.62 
A-C 7.30 0.20 0.91 8.00 0.22 0.67 4.91 0.28 0.70 11.36 0.15 0.63 
A-D 3.79 0.41 0.76 7.48 0.19 0.83 6.69 0.29 0.74 6.95 0.23 0.70 
A-R 7.33 0.21 0.81 8.76 0.21 0.67 5.78 0.33 0.58 10.96 0.19 0.61 
A-S 11.71 0.20 0.69 9.62 0.18 0.74 6.07 0.28 0.55 6.24 0.32 0.62 
             
C-AS 10.52 0.17 0.81 7.07 0.25 0.71 8.08 0.19 0.62 6.47 0.28 0.59 
C-C 3.47 0.44 0.69 10.78 0.17 0.72 5.19 0.31 0.58 12.80 0.18 0.64 
C-D 6.41 0.21 0.92 4.85 0.37 0.61 7.38 0.26 0.62 5.35 0.33 0.53 
C-R 8.50 0.19 0.77 5.16 0.34 0.74 8.33 0.16 0.64 10.53 0.21 0.53 
C-S 3.64 0.41 0.73 9.39 0.20 0.72 6.52 0.23 0.65 10.93 0.21 0.68 
             
P-AS 4.82 0.29 0.80 5.44 0.26 0.78 2.23 0.62 0.56 13.41 0.12 0.84 
P-C 5.14 0.28 0.86 6.92 0.19 0.77 4.63 0.36 0.66 9.93 0.22 0.71 
P-D 4.46 0.26 0.89 5.47 0.32 0.68 3.57 0.46 0.45 13.90 0.11 0.82 
P-R 4.34 0.33 0.87 5.42 0.31 0.68 3.11 0.48 0.44 12.21 0.17 0.76 






 1/D d ED 1/D d ED 1/D d ED 1/D d ED 
A-AS 9.24 0.20 0.77 14.80 0.11 0.82 4.04 0.39 0.58 3.32 0.46 0.66 
A-C 2.14 0.67 0.21 17.51 0.09 0.83 4.70 0.27 0.67 6.05 0.29 0.67 
A-D 9.25 0.19 0.77 15.66 0.09 0.87 4.17 0.36 0.52 4.58 0.37 0.65 
A-R 4.90 0.36 0.31 12.38 0.13 0.88 3.69 0.44 0.53 4.99 0.34 0.71 
A-S 5.80 0.30 0.41 16.03 0.09 0.89 5.06 0.30 0.63 7.29 0.20 0.81 
             
C-AS 5.16 0.32 0.57 15.52 0.14 0.74 5.12 0.30 0.64 5.10 0.30 0.85 
C-C 4.82 0.30 0.48 12.90 0.12 0.86 3.73 0.43 0.62 3.68 0.43 0.74 
C-D 3.80 0.38 0.54 12.65 0.11 0.84 2.57 0.54 0.64 4.43 0.36 0.63 
C-R 4.73 0.33 0.68 10.27 0.19 0.64 4.21 0.33 0.70 3.97 0.36 0.66 
C-S 5.30 0.30 0.53 10.29 0.17 0.79 4.27 0.35 0.71 3.32 0.41 0.83 
             
P-AS 6.03 0.32 0.43 17.73 0.11 0.77 4.44 0.40 0.63 5.09 0.28 0.85 
P-C 8.35 0.24 0.64 15.21 0.12 0.80 3.96 0.40 0.57 6.09 0.23 0.76 
P-D 6.34 0.32 0.40 15.98 0.12 0.76 4.11 0.42 0.59 4.78 0.28 0.80 
P-R 3.74 0.47 0.53 15.78 0.11 0.79 5.51 0.31 0.69 3.08 0.49 0.62 
P-S 8.95 0.16 0.81 16.74 0.12 0.80 4.96 0.34 0.55 5.25 0.27 0.75 




















Diversity and dynamics in reactor A (SRT 4-day): (a) Stalk ciliates (t=87 d); (b) 
an unknown swimmer (t=109 d); (c) ciliates (t=160 d), and (d) Filamentous 
bulking (t=196 d). All the pictures were taken under the same magnitude 40*10, 






















Diversity and dynamics in reactor B (SRT 8-day): (a) rotifer and filaments in 
floc (t=87 d); (b) stalk ciliates in floc (t=160 d); (c) rotifer (t=190 d),  























Diverse and dynamic eukarya in reactor C (SRT16): (a) red worm (t=74 d); 
(b) rotifer (t=129 d); (c) ameoba (t= 196 d); (d) ameoba in floc (t= 207 d); 



































Diversity and dynamics in reactor D: (a) Filaments (t=74 d), Filaments (t=106 d), 






Protocols, Buffers, Standards, Chemicals, and Instruments Applied 
in the Study 
 EPS Extraction Protocol with Cation Exchange Resin: 
 Reference: (27) 
 Reagents: 
- CER, DOWEX 50x8, 20-50mesh; 
- Extraction buffer (made as per feed solution w/ Cl- and PO4
3-
 but w/o COD 






1. Wash CER in extraction buffer for 1h prior to use. 
2. Activated sludge samples were collected from the WAS (120mL-1000mL), 
settled for 1.5h. Thickened sludge is centrifuged at 2000g for 15min. The sludge 
pellets are resuspended to 500mL using the extraction buffer. (floc-bound EPS is 
focused) 
3. Transfer sludge to a beaker with baffles and add CER 70g/g VS. The suspension 
is stirred at 600rpm for 1h as a mild extraction (or 900rpm for >12h for a higher 
yield extraction). 
4. Centrifuge CER/sludge suspension for 1min at 12,000g in order to remove CER. 
5. Centrifuge the supernatant twice at 12, 000g (and 4°C) for 15min to remove 
remaining floc components. 
 
 
 Carbohydrate: – Anthrone method  
 Reagent:  
- 0.125% anthrone (w/v) in 94.5% (v/v) H2SO4 
 
 Procedure: 
1. 0.8mL sample is mixed with 1.6mL reagent by whirly mixer.  
2. Place samples in a water bath at 100°C for 14min and then cool sample at 4°C for 
5min in a water bath. 




 Protein: –Lowry method 
BSA (bovine serum albumin) as standard 
Reagents: 
- Reagent 1: 143mM NaOH, 270mM Na2CO3 
- Reagent 2::57 mM CuSO4.  
- Reagent 3:124 mM Na-tatrate.  
- Reagent 4 was made up using reagents 1 to 3 in the proportion 100:1:1.  
- Reagent 5: Folin reagent diluted 5:6 with distilled water.  
Procedure:  
1. 0.5 mL sample is whirly mixed with 0.7 mL reagent 4.  
2.   Add reagent 5 (0.1 mL) and the solution whirly mixed.  
3.   After 45 min at room temperature the absorbance at 750 nm was read. 
 
 Humic compounds: –Lowry method, with humic acid as standard. 
 
 C/N/P/S/H analysis in the sludge: 
 Sample treatment: concentrated sludge was dried at 60°C and ground. 
 
 Chemical list for EPS analysis: 
 
Name of chemical Manufacturer 
n-Hexadecane MP Biomedicals, LLC 
Dowex Marathon® C, Na
+
 form Sigma Aldrich 
BSA (Albumin, bovine serum, ≥96%) Sigma 
Glucose standard (1.00mL=10.0mg glucose) RICCA Chemical Co. 
Anthrone MP Biomedicals, LLC 
Folin reagent (phenol reagent Folin-ciocalteu) VWR 
Humic acid Alfa Aesar 
H2SO4 95.3% J.T.Baker 
NaOH (pellets, molecular biology grade) VWR 
Na-tatrate (dihydrate, crystal) J.T.Baker 
Na2CO3 (crystal) EMD 
CuSO4 (pentahydrate, fine crystal) Mallinckrodt 
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 Instrument list for analysis and measurement: 
 
Instrument/equipment Manufacturer 
Centrifuge (for 1-2mL centrifuge tube): 
Centrifuge 5415D and Centrifuge 5804r  
Eppendorf 
Centrifuge (for 50mL Falcon tube): Evolution 
RC, SLA-1500 
Sorvall 
CHNS-O Analyzer: FlashEA 1112 Series CE Elantech 
Cleanhood, Purifier vertical clean bench Labconco 
Ion Chromatograph (IC):  
AS50 Autosampler, CD25 Conductivity 
Detector, GP50 Gradient Pump, AS9 column, 
AG9 Guard column; flowrate 1mL/min, SRS 
48mA; eluent 9 mM Na2CO3. 
DIONEX 
PCR Mastercycler gradient Eppendorf 
Scale: XS64 Mettler Toledo  
Spectrophotometer: DU640 Beckman 
TOC-V CSH and TN M-1 Shimadzu 
Vortex Mixer Baxter 
 
 Standards for Ion Chromatography (IC): 
 
Target ion Chemicals Manufacturer 
Nitrate (NO3
-
) NaNO3 Fisher 
Nitrite (NO2
-
) NaNO2 Fisher 
Phosphate (PO4
3-
) K2HPO4 and KH2PO4 J.T.Baker 
Sulfate (SO4
2-
) MgSO4 ·7H2O EM Science 
Chlorite (Cl
-
) NaCl EM Science 





 Buffer Compositions in DNA-PCR-DGGE: 
 
TE buffer SB buffer (20X) 
Tris-HCl 10mM NaOH 8g 
EDTA 1mM H3BO3 56g 
DDI water Amount in need DDI water 1L 
pH adjust to  8.0 pH adjust to 
(with NaOH) 
8.0 







Permission of Using the Materials of the References 
 Table J-1 Permissions for using figures and tables in the thesis 
Figure/Tabl
e 
Reference Source License # Order date and made 
to 
Figure 2-2 (40) Chemical Engineering 
Journal 
1751950220984 7/18/07;  
Copyright Clearance 
Center (CCC) 




Journal of Environmental 
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Figure 2-5 (85) Process Biochemistry Email from the 
author; 
1752500613242 
7/10/07, email to the 
corresponding author; 
7/19/07, CCC 
Figure 7-1 (29) Journal of Clinical 
Microbiology 
Email from the 
author; 
Letter from ASM  
7/10/07, email to the 
corresponding author; 
8/2/07 Fax request to 
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